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SYNOPSIS 
The object of this investigation was to gain a better under-
standing of the fatigue behavior of welded joints with internal discon-
tinuitiese Since the existence of flaws in welds generally must be 
considered an accepted fact and since their presence is usually detri-
mental, means of determining the effect of such discontinuities on the 
behavior of the welded connections must be known. 
A review was made of previous investigations into the problem 
of the notch-sensitivity of metals in fatiguee On the basis of obser-
vations reported in several of the more successful approaches to this 
problem, a hypothesis for the prediction of the fatigue behavior of 
welded connections with discontinuities was developed. 
This hypothesis suggests that the parameter best defining the 
notch-sensitivity of a material subjected to fatigue loadings is a 
characteristic volume of material around the notch tip over which the 
stress concentration can be averaged. The reduction in fatigue strength 
of a member due to the presence of a flaw is - according to the hypothe-
sis - determined by the average elastic energy concentration induced 
by the flaw over the appropriate volume. 
In order to evaluate the applicability of the energy concen-
tration hypothesis, two sets of information were sought: first, a 
suitable series of fatigue tests, which involved a sufficient number of 
test specimens' containing a flaw type, the severity of which could be 
defined and varied in a relatively simple manner, and secondly, deter-
minations of the elastic energy concentration induced by the selected 
flawso A literature search produced reports of an investigation in 
which a substantial number of test specimens, containing partial pene-
tration butt-welds of varying dimensions, had been subjected to repeated 
loadings. Due to the availability of this test information and the 
relative ease with which the lack of penetration flaws could be used in 
the current study, this flaw type was adopted for the analysis of 
fatigue behavior in relation to flaw severity. Several flaw geometries 
were then simulated in three-dimensional epoxy models and the stress 
distributions induced by the flaws and the loading determined using 
photoelastic techniques. 
The correlation of the photoelastic information with the data 
obtained from the fatigue tests indicates that the energy distributions 
are sensitive to variations in flaw severity. For the partial pene-
tration butt-welds investigated, the proposed hypothesis proved to be 
well-suited for determining the fatigue strength reduction caused by 
the presence of the flaw. 
In order to further test the energy concentration hypothesis, 
it was applied to a notched member radically different from the partial 
penetration butt-weld: a tension strip with a centrally located hole. 
It was found that) in this case also, the proposed hypothesis is well 
suited for predicting the fatigue behavior of the member. 
A detailed description of all phases of the photoelastic pro-
cedure is presented along with the definition and applications of the 
proposed energy concentration hypothesis. 
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CHAPTER 1 
INTRODUCTION 
Rarely is a welded joint found that is completely free from 
discontinuities or defects such as porosity, shrinkage cracks, slag in-
clusi6ns, lack of fusion, or lack of penetration. In some cases, a 
discontinuity, such as a lack of penetration, may purposely be included 
in the design of a joint for economic reasons. However, whatever the 
reason for the presence of the flaw, the disturbance it causes will nor-
mally lower the strength of the member, especially when it is subjected 
to fatigue loadings. Thus, since the existence of flaws in welds 
generally.must be considered an accepted fact and since their presence 
is usually detrimental, means of determining the effect of such flaws 
on the behavior of the welds must be known. 
The present investigation was developed to study the effect of 
an internal flaw in a welded connection on the fatigue behavior of that 
connection. A method was sought which, on the basis of material proper-
ties, type of defect, and loading, could be used to predict the fatigue 
behavior of the member. The initial step was to find~ in the literature, 
fatigue data which included a sufficient number of test specimens with a 
variation of flaw sizes, and good control and accurate determination of 
flaw dimensions. When this had been done, the results from these tests 
could be used to establish a relationship between the severity of a flaw 
and the fatigue behavior of the member being analyzed. 
A large amount of fatigue testing of defective welded connections 
has been reported involving flaws of all the types mentioned above. For 
purposes of the present study, a flaw type was sought for which the 
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severity of the flaw could be defined and varied in a relatively simple 
manner. The literature search produced reports of an investigation(22, 
23)* in which a substantial number of test specimens, containing partial 
penetration butt-welds of varying dimensions, had been subjected to 
repeated loadings. The severity of this flaw type may be varied easily 
by changing its length and height dimensions. Because of the avail-
ability of suitable test data for partial penetration butt-welds and 
the appropriate nature of the lack of penetration aw, this flaw type 
was adopted as the defect configuration used in the analysis of fatigue 
behavior in relation to flaw severity. 
Prior to the development of a hypothesis for the determination 
of the fatigue behavior of a defective welded connection, a review of 
the literature on notch-sensitivity of metals in fatigue was performed 
(Chapter 2). A variety of approaches to predicting the reduction in 
fatigue strength of a member due to the presence of a aw were encoun-
tered in the review and various degrees of success in their application 
were observed. Observations reported in several of the more successful 
approaches were considered in the development of the hypothesis proposed 
in the present investigation. The hypothesis presented herein, suggests 
that the parameter best defining the notch sensitivity of a material 
subjected to fatigue loading is a characteristic volume of material 
around the notch tip over which the stress concentra on can be averaged; 
the reduction in fatigue strength of the member due to the notch is -
according to the hypothe,sis - determined by the average elastic energy 
concentration induced by the notch over the appropriate volume. The 
* Numbers in parenthesis refer to entries in the List of References. 
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development of the hypothesis is presented in Chapter 3, which includes 
a discussion of the concepts upon which the hypothesis is based. 
In order to apply this hypothesis to the case of the partial 
penetration butt-welds, the distributions the elastic energy around 
the tips of the notches were needed for each aw. These energy distri-
butions can be obtained in various waysf one of several theoretical 
approaches available, or experimentally, as in the present investigation, 
using photoelastic techniques. The application of the photoelastic 
method to the problem of an internal aw ired the methods of 
placing such a flaw in a photoelastic model be examined. A series of 
models was produced and analyzed for this purpose. Chapter 4 contains 
the evaluation of the aw placement techniques and a description of the 
models used to simulate the lack of penetration joints. 
The correlation of the information obtained from the fatigue 
tests of the partial penetration butt-welds th the photoelastic data 
is presented in Chapter 5. Included in this discussion is the definition 
of the specific terms chosen to describe the energy concentration induced 
by the flaw and the fatigue characteris cs ve weldment 
A brief consideration of possible applications of the· hypothesis to 
special problems is placed at the end of this Chapter. 
In order to obtain rther veri 
tration hypothesis, beyond that provi 
cation of the energy concen-
by the study of the partial 
penetration butt-welds~ the proposed hypothesis was applied to the problem 
of predicting the fatigue behavior of a plane plate member with a 
centrally located hole. This application of the method is described in 
Appendix A. 
The summary and conclusions 
in Chapter 6. 
this inves gation are presented 
CHAPTER 2 
REVIEW OF SELECTED INVESTIGATIONS OF 
NOTCH-SENSITIVITY IN FATIGUE OF METALS 
2.1 Discussion of Material Relevant to the Present Study 
The following sections will briefly discuss selected reports 
encountered in the review of the literature on notch-sensitivity in 
fatigue of metals. The selections were made on the basis of whether 
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the methods of predicting the fatigue behavior of notched members were 
reported to have some or all of the following characteristics: (1) good 
correlation of predicted results and test data; (2) a supporting theory 
derived logically on the basis of an understanding of the mechanism by 
which fatigue failure occurs; and (3) possible extension of applications 
to a variation of notch types and materials. Much of the material 
examined in this review was contained in references 38, 50, 67 and 68. 
Shaw(61) stated that aws and other notches have been known 
to be potential weak spots in a loaded member, although their effect in 
the case of a static loading may not be cri cal. When the member is 
subjected to repeated loading, however, the condi on worsens drastically 
as the flaw provides a likely point for fatigue crack initiation. He 
noted that a quantitative evaluation a flaw type should be available 
as an indication of the susceptibility of the flaw to initiation of 
fatigue fracture. The theoretical stress concentration factor was 
proposed to be particularly well suited for such an evaluation. This 
approach to the problem of determining the reduction in fatigue strength 
of a member due to the presence of a notch was widely accepted, although 
predictions based on the theoretical stress concentration factor were 
not always accurate. 
5 
In seeking improved theories for predicting the fatigue behavior 
of notched members, investigators have looked beyond the conditions at 
the tip of the notch to more spacial concepts that take into account the 
distribution of the stress concentration around the aw tip. Para-
meters studied in investigations following this approach have included 
the maximum stress gradient, average strain over a small region, the 
size of a highly stressed volum~ and energy absorbed at the notch tip. 
One approach was, as mentioned" to consider the maximum stress 
gradient at the notch tip. Even though this quantity is measured at 
a point at the notch tip, it will - to a limited extent - reflect the 
conditions in the region adjacent to the notch. Formulas were devel-
oped(51) for calculating the maximum value of the stress gradient for a 
variety of notches. In each case" the maximum stress gradient was 
calculated from the maximum theoretical stress, the radius at the root 
of the notch, and a factor rela ng to the notch type. Although results 
obtained by this approach compared well with the test data in some 
cases, correlations of the maximum stress gradi fa gue behavior 
of notched members are purely empi cal with no apparent physical 
base.(67) 
Signes et al}62) proposed a method in which the effect of an 
average strain over the region around the notch p is considered. The 
basis of this approach is an assumed variation the stresses in the 
vicinity of the notch tip: 
a = a \ r-El 
y 0 V2Y: 
where y is the direction perpendicular to the crack 
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ao 
is the nominal stress 
ay is the norma 1 stress in the y-direction 
a is the 1 ength of the crack 
and x is the distance in advance of the crack. 
This expression is assumed to be valid for a zero radius at the crack 
tip. For cracks with a finite root radius, p, the following expression 
is used for the maximum stress: 
For a»p the first term in the parenthesis may be neglected, and the 
maximum stress in the case of sharp notches may be approximated by 
a ~ 2a 0 ;-arp 
Ymax 
As may be observed 5 peak stresses for sharp cracks as calculated from 
the above expression, tend to be very high and are actually predicted 
to be infinite for a zero radius. These high values - and the corres-
pondingly high stress gradients - are not likely to be.of direct 
significance. Signes et al., therefore~ suggest that a more meaningful 
correlation with actual test results may be obtained by considering 
the average strain over a small region, such as the elementary structural 
units introduced by Neuber. (47) This equivalent strain was found to be: 
where R is the extent of the region over which the 
averaging is assumed to take place. 
7 
This relation indicates that, for small radii (p«R), the equivalent 
strain becomes 
which is independent of the radius, p. In other words, the equivalent 
strain at the notch tip tends to a maximum value which is not affected 
by further reduction of the critical radius. From this relationship it 
can be concluded that the fatigue behavior of a sharply notched member 
is not dependent on the material strength, but rather on the size of 
the region over which a critical strain must be achieved. 
As mentioned above, the idea of considering a region in the 
vicinity of a notch in determining the fatigue characteristics of a 
member containing that notch, was also present in the approaches sug-
gested by Neuber.(47) In developing his method, Neuber noted that the 
material, in the theory of elasticity, is assumed to be a continuum. 
The fact, however, that engineering materials at the microscopic level 
do have a grain structure, appears in certain cases to affect their 
behavior. Therefore, when small regions are considered, the assumption 
of a continuum may be violated. Neuber suggested that special procedures 
should be applied in regions at notches where high stress gradients are 
encountered. In these regions, the volumes of material considered are 
reduced to a level where the effect of the granular structure of the 
material no longer can be averaged in the assumption of homogeneity. 
He proposed t~at in regions of high stress gradients, the continuum be 
replaced by an array of "building blocks," and that no stress gradient 
be allowed to develop across such a block. The half-length of the 
block was denoted by A, which was to be considered a material property. 
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This characteristic length was then combined with the theoretical stress 
concentration factor, Kt , and the geometrical parameters of the notch to 
determine the effective stress concentration factor, Ke , The approach 
was initially developed to explain the observation that notched tension 
specimens in static tests do not exhibit the full effect of the theo-
retical stress concentration factor; however, using an adjusted value 
for the characteristic length, A, the method was proposed to be appli-
cable to the fatigue behavior of notched .members. An evaluation by 
Kuhn and Hardrath(32) using several types of steel and various notches 
showed that the Neuber formula could predict the fatigue behavior within 
10% for 56% of the test specimens. One possible explanation for this 
unconvinci'ng correlation may be that the characteristic length was 
assumed to vary directly with the tensile strength of the steels. 
Krafft(29) also related notch-sensitivity in fatigue to con-
ditions existing within a region surrounding the notch tip, suggesting 
that the size of the region be determined by material behavior. He 
noted that - for unnotched specimens - the deformation required to 
rupture the specimen is closely related to the strain hardening charac-
teristics of the material. In applying this finding in an analysis of 
the behavior of notched specimens, he observed that a consistent inter-
pretation of results was provided by assuming that a plane strain crack 
becomes unstable when the stress field in the vicinity of the notch 
tip produces a condition of plastic flow instability a small distance 
in advance of the crack tip. He noted that the strain hardening 
characteristics, which are closely related to the instability strain, 
are those produced by the conditions of the strain rate calculated to 
exist at this fixed distance in advance of the crack. The distance 
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was proposed to be a material constant j and is commonly referred to as 
the Krafft Process Zone. 
As indicated in the methods reported by Signes et al., Neuber, 
and Krafft, the size of a region around the notch tip appears to be 
relevant in determining the fatigue behavior of the notched member. 
This concept was also investigated by Kuguel(30, 31) in his study of 
the relation between the fatigue life of a notched specimen and the 
volume of I'highly stressed" material in that specimen. It is suggested 
in his work that the fatigue limit of two specimens would be the same 
if they contained a highly stressed volume of the same size. The volume 
is defined as being the region throughout which the stress level is at 
or above 95% of the maximum stress" Comparisons with actual fatigue 
tests yielded an agreement within ±10% for 78% of the data. The re-
lationships determined by this method appear to be unconservative for 
many of the tests studied and thus are unsafe for design purposes. 
Cox(ll) suggested that the metallurgical structure at the 
root of the notch was related to the extent of the disturbance caused 
by the notch. He noted that the magnitude of the range of strain 
energy within a small region of the material - the size of the region 
being determined by the metal structure - could define the fatigue 
characteristics of the member. He indicated furthermore, that this 
approach is "consistent with laws governing fatigue under combined 
stresses. II 
It should be noted, that although the concept of the relevancy 
of a region around a notch to the fatigue characteristics of the notched 
member has received acceptance only within the last fifteen years, it 
was proposed almost forty years ago by Moore(41) when he introduced 
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his concept of "crackless plasticity." He suggested that a large gr'ained 
materi al, such as structural steel, had the abi 1 ity to spread a local 
disturbance cracklessly over a larger area than could, for example, a 
smaller grained low alloy steel. The energy which could be absorbed in 
crackless slip over the large area of the structural steel would exceed 
that which the low alloy steel, with its smaller disturbed area, could 
absorb cracklessly. 
In considering what quantity to examine within the region 
adjacent to the notch tip, the question was raised as to the importance 
of plastic flow in this region during cycling. Several researchers 
have stated that the peak stress in a notched member, as predicted by 
the theoretical stress concentration, is lowered due to plastic flow.(67) 
The notch-sensitivity of a particular material would then depend upon 
the extent of this flow, a high notch-sensitivity being associated 
with a small plastic region. The index of this reduction in peak stress 
is given by 
where 
and 
q = 
K -1 
e 
K -1 t 
is the reduction in fatigue strength due to 
the presence of the flaw, 
is the theoretical stress concentration. 
It has since been determined(67) that q is not a material property, but 
depends also upon the geometry of the specimen. 
Osman(49) noted from strain readings taken during the cycling 
of notched members 9 that some plastic redistribution of stresses took 
place. However, plots of minimum and maximum strains versus life showed 
that the strain range remained constant throughout most of the test. 
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For maximum nominal stresses below the fatigue limit, the mean stress 
also remained constant, whereas it increased with the number of cycles 
at stress levels above the fatigue limit. When the maximum stresses 
exceeded the yield limit, the strain concentration - rather than the 
stress concentration - was found to be more closely related to the 
fatigue behavior. A relationship was developed which suggests that the 
fatigue life can be predicted from the strain range and the strain at 
fracture in a static tension test. A good correlation was found for 
several ductile steelso However, the comparisons were limited mainly 
to unnotched members. 
Glocker and Kemnitz(20) report that x-ray stress analyses of 
notches with a relatively low theoretical stress concentration factor 
(Kt = 4.0) did not reveal a lowering of the peak stress due to plastic 
action. The stresses were in the vicinity of the endurance limit, 
meaning that little, if any, of the material was above yield. Further-
more, the x-ray beam used in the analysis had a diameter of 1 mm, as 
compared to a notch radius of 4 0 5 mm. Considering the relative magni-
tudes of these dimensions, the sensitivity of the method of stress 
analysis employed may not have been fine enough to discern localized 
plastic deformations of small magnitudes. 
Afanasiev(l) noted that only a portion of the variation in 
fatigue strength could be accounted for by the redistribution of 
stresses, He suggested that a IIsupport effect" which defines the 
amount of deformation restraint provided by the elastic regions 
surrounding the plastic zone be introduced~ 
Yokobori(68) stated that, although the macroscopic deformations 
encountered in fatigue cycling are small, plastic deformation will occur 
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on the microscopic level, and the associated slip planes and their 
directions are the same as those found in flow under static stress. An 
earlier work by Yen(66) also accepts the presence of small plastic defor-
mations during the fatigue cycling. He suggested that these IIminute 
inelastic adjustments" may be important since fatigue phenomena most 
likely initiate on an atomic or submicroscopic level. He noted also 
that these plastic deformations probably do not relieve appreciably the 
macrostresses at a notch. They maY3 however, develop localized strain 
hardening effects which raise the fatigue strength and reduce the notch-
sensitivityo Yen suggests that IIIf the specimen does not fail, the 
plastic deformation, if any, occurs and relieves the stress concentration 
only during the initial cycles of repeated loading; eventually the stress 
distribution becomes approximately the same as that estimated by the 
theory of elasticity due to strain-hardening. As a result of experimen-
tal study several investigators have objected to the hypothesis of 
lowering the stress by plastic action.1i If, however, the specimen is 
subjected to stresses substantially higher than the yield point, the 
above mentioned interval of lIinitial" cycling will be extended and 
failure will occur before the actual stresses reach the level predicted 
theoreti cally. 
2.2 Observations from the Literature Review 
From the above discussion it may be observed that studies of 
the condition in a region around a notch have shown greater relevancy 
to the problem. of notch-sensitivity in fatigue of metals than the state 
of stress at a point at the root of the notch. Furthermore, the previous 
investigations have shown that the amount of plastic flow occurring 
during cycling cannot wholly explain the reduction in fatigue strength 
13 
due to the presence of a notch. It was noted that during cycling at a 
maximum stress less than yield, the stress concentration caused by the 
notch will not be reduced appreciably by plastic flow during the fatigue 
cycling. Some investigators claim that, even when the maximum stress 
exceeds the yield limit, the elastic stress concentration factor will 
apply - after an initial period of cycling. Other investigators maintain 
that the strain range is relevant to the problem and that this quantity 
remains constant throughout a large part of the cycling with no apparent 
changes or readjustments caused by plastic flow. Thus, it appears that 
the elastic stress distributions have a bearing on the conditions at 
the notch throughout most of the life of the member, whether they are 
used to caiculate a strain range or perhaps even a stress concentration 
factor. 
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CHAPTER 3 
ENERGY CONCENTRATION HYPOTHESIS 
3.1 Introduction 
Based on the observations made in Chapter 2, the approach 
adopted in this investigation to the problem of notch-sensi vity in 
fatigue is a combination of two lines of thought, each of which appeared 
to be relevant in the comparisons of theory and fatigue test results 
presented in the literature. One is that a consideration of the energ~ 
absorbed in the region of the notch should have a bearing on the fatigue 
characteristics of a notched member. The second suggests that the 
fatigue behavior of a notched member depends on stress and material 
conditions in a region adjacent to the notch tip. 
The concept of the concentration of energy absorbed at the 
notch is discussed in Section 3.2.1, Section 3.2.2 presents the deri-
vation of the energy term, and Section 3.2.3 describes its photoelastic 
determination. The concept of the characteristic volume as a material 
property is discussed in Section 302040 Finally, in Section 3.2.5, a 
statement is presented of the proposed energy concentration hypothesis. 
3.2 Development of the Hypothesis 
3.2.1 The Energy Concentration Concept. As mentioned in the 
introduction, the proposed hypothesis has been developed on the basis 
of the energy distribution in a region adjacent to the notch tip. This 
energy concentration, caused by the notch, can be thought of as an in-
dication of the manner in which the energy of the loading applied to 
the member is absorbed in the vicinity of the notch. 
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It should be noted that the energy concentration, as determined 
photoelastically, is based upon purely elastic conditions. In this 
investigation it is assumed that an elastic energy distribution can be 
utilized as an inherent property of a given notch for purposes of exam-
ining the fatigue behavior of a notched member. This assumption is made 
despite the fact that the elastic stress conditions - as defined by the 
notch and the loading - may not exist as such throughout the fatigue 
cycling of the notched member. 
As noted in the discussion of the literature review (Section 
2.2) several investigators(49, 66) found that the elastic stress distri-
bution in the vicinity of a notch was related to the actual conditions 
at the notch throughout a large part of the cycling of the notched 
member. This observation supports the above assumption to the extent 
that an application of elastic stress conditions to the study of the 
fatigue behavior of notched members was deemed feasible. Therefore, 
the developed hypothesis proposes that the elastic stress distribution 
at a notch, in the form of an elastic energy concentration, is a para-
meter that will predict the fatigue behavior a member containing 
that notch. Essentially, a transformation of variables is suggested 
where, rather than defining a notch by its geometrical dimensions, it is 
identified by the elastic energy distribution it induces in its immediate 
vicinity. 
It was decided to determine the distributions of the shear-
distortional strain energy and to correlate these distributions with 
existing fatigue datao One reason for this choice was that the shear 
energy has proven to be quite suitable for fatigue correlations. (67) 
Also, this portion of the total energy is conveniently obtainable 
16 
photoelastically. In the case of the partial penetration transverse 
butt-welds, strains perpendicular to the direction of loading and in the 
plane of the plate can be considered small, thus permitting utilization 
of the conditions of plane strain. The advantage of using these condi ons 
is that, rather than having to determine the energy distribution through-
out a volume around the notch tip, the photoelastic determinations may 
be made over an area. In effect, this is equivalent to considering a 
volume of unit thickness. 
3.2.2 Derivation of the Energy Term. The shear-distortional strain 
energy density for a general stress state is obtained by subtracting the 
dilatational energy density from the total strain energy density. 'vi 
The total strain energy density may be written: 
2 (1 ) ( 2 + 2 + 2)} + + V Txy TXZ Tyz 
Subtracting from this the energy of dilatation: 
U = d 
1 - 2v 
12(1 + v)G 
we obtain the expression for the shear-deformation energy density: 
) 2 + (0 _ ° )2 + (0 _ )2 0y Y z z Ox 
.? ? ?, 
+ 6 (T~ + ~ + ~ )} 
xy Tyz TXZ 
Inserting the conditions of plain strain, we obtain: 
( 3.1) 
( 3.2) 
(3.3) 
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Us = 12G {2 (1 - v + v )(ox Oy) 
1 2 2 
+ 8 (v - -2) .. ° ° = 6T } X Y xy 
(3.4) 
Expressions consisting entirely of stress differences and shears 
are conveniently definable in photoelastic terms. It may thus be noted 
that the shear deformation energy density for a general stress state 
(Equation 3.3) may be found by normal photoelastic methods. However, when 
the conditions of plane strain are assumed, the corresponding expression 
for the shear deformation energy (Equation 304) includes a term involving 
the product 0XOyc This part of the expression cannot be determined by 
normal photoelastic methods. It may be noted that this term vanishes 
when v = 0.50. By assuming this value of Poissonos ratio, the energy 
term becomes: 
In order to evaluate the importance of the omitted term for a value of 
(3.5) 
Poisson's ratio closer to that of structural steels, approximate values 
for the term were determined for v = 0.35 using an integration procedure 
, (28) known as the Shear Difference Method o Although significant inaccur-
acies in the initial values of the integration procedure were expected in 
the present application of the method, calculations were· made, using it, 
to obtain an estimate of the order of magnitude of the term in question. 
These calculations indicated that, over most of the region at the notch 
tip, the value of the term 
1 2 8 (v- 2) 0xOy (3.6) 
was one or two orders of magnitude less than the term 
2 2 2 (1 - v + v )(0 - ° ) x y (3.7) 
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At some points, the values of the terms 3.6 and 3.7 were found to be of 
the same order of magnitude; however, the regions involved were small 
and usually located at the sides of the notch tip, where the directions 
of the principal stresses deviated noticeably from the x- and y-directions 
(Fig. 4018a). Based on these observations it was assumed that, for the 
lack of penetration flaws, the term 3.6 could safely be ignored. 
3.2.3 Photoelastic Determination of the Energy Term. The relation-
ship between a photoelastic measurement and the corresponding stress 
condition is 
where . 
N F 
= z ~ 
01 and 02 are the principal stresses at the point 
considered, Nz is the fringe order; the sub-script 
z refers to the direction of the transmitted light, 
F is a material constant, 
and t
z 
is the thickness of the slice in the direction 
of the transmitted light. 
(3.8) 
Equation (3.8) iS9 in the theory of photoelas city, known as the Stress-
Optic Law (see Appendix B); ~ is here assumed to be a principal direction. 
In considering Mohr1s circle,(63) it may be noted that the 
diameter of the circle represents fference in princi stresses, 
01 - 02' at the point considered. Calling this diameter Dz' we have: 
From Mohr1s circle, the following relationships are obtained: 
Dz sin 28 z. 
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which, for substitution into Equation 3.5, may be rewritten: 
2 02 2 
N F 
- sin 2 28 ) (ax a) :::: (1 - sin 28 ) :::: (_z_) 2 (1 Y z t z z 
2 1. 02 2 1 N F 2 2 Txy :::: sin 28 z :::: "4 (_z_) sin 28 z 4 z t z 
Here 8 indicates the direction of the principal stresses with respect 
z 
to the x and y coordinate axes. This coordinate system is shown in Fig. 
4.18a. The energy expression, in terms of the photoelastic readings, 
then becomes: 
II 1 N F sin2 28 ) U :::: 8G { (~) 2. (1 _ s t
z 
z 
N F 
. 2 28 } N F + (_z_) 2 Sln :::: L (_z_)2 t z z 8G t z 
or 
where 
F2 
C :::: 8G is a constant for the materials involved. 
(3.9) 
It may be noted from Equation (3.9) that this variation of the 
shear deformation energy expression is independent of the direction of 
the principal stresses. This point agrees with the observation that the 
expression ignored in the above derivation (Expression 3.6) was small 
only when the directions of the principal stresses were close to the 
x- and y-directions. 
3.2.4 The Characteristic Volume. As stated previously, a material 
property is sought which defines the notch sensitivity in fatigue of the 
material. It has been assumed that the property sought is a character-
istic volume. Within the ramifications discussed above of the elastic 
versus plastic conditions occurring around the flaw tip, this volume 
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may be thought of as the amount of material which can be successfully 
utilized in absorbing the energy concentration created by the notch, 
over a given number of cycles. A material with a small characteristic 
volume would, for example, have to absorb a large amount of energy per 
unit volume because of the high levels of energy usually occurring 
immediately adjacent to the flaw tip. This theory then would predict, 
a high notch-sensitivity for that material. The material with a large 
characteristic volume would have the capacity to lessen the severe 
flaw conditions by averaging the high energy concentrations with the 
lower levels existing farther from the notch. These conditions would 
identify a material of lower notch sensitivity. 
3.2.5 Statement of Hypothesis. The proposed hypothesis then 
provides that the reduction in fatigue strength of a member due to the 
presence of a flaw can be predicted on the basis of the average concen-
tration of the shear deformation energy over a region adjacent to the 
tip of the notch. The energy concentration is found from the elastic 
stress distribution as defined by the notch and the loading, and the 
extent of the region considered is a material characteristic determined 
from tests. 
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CHAPTER 4 
STUDIES OF INTERNAL NOTCHES IN PHOTOELASTIC MODELS 
4.1 Introduction 
* The photoelastic phase of the work provides data for the cal-
culation of the energy distributions around the flaw tips. This phase 
is essentially divided into two main efforts. One is the development 
and evaluation of the techniques of producing epoxy models containing 
predefined internal notches. The other is concerned with obtaining the 
energy distributions relating to weld defects of varying severities. 
This information is then used to analyze the fatigue behavior of weld-
ments with discontinuitiesc 
In the first of these efforts, the problem is essentially 
twofold: (1) much care must be taken to maintain the desired size and 
shape of the flaw throughout the manufacturing process; and (2) the 
model must, prior to analysis, be free of extraneous stresses caused 
by poor placement of glued connections or by shrinkage effects produced 
during curing of the epoxy. The test series involved with an evaluation 
of the modeling technique is discussed in Section 4.2 .. This evaluation 
was performed by analyzing a set of photoelastic models, loaded in 
tension, into which spherical flaws were placed using several different 
methods. 
The actual production, loading,and analysis of models relating 
to the fatigue behavior of defective welded joints is treated in Section 
4.3. This work consisted of testing a series of photoelastic models 
* A brief description of the photoelastic method is provided in Appendix B. 
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simulating partial penetration transverse butt-welds with varying flaw 
severities. The dimensions of the flaws were planned on the basis of a 
set of fatigue tests of specimens containing butt-welds with well-de-
fined lack of penetration flaws. (22, 23) 
4.2 Modeling Technique 
4.2.1 Purpose of Test Series. The practice of placing flaws in 
photoelastic models is relatively new. Only a few instances have - to 
the writer's knowledge - been reported in the literature. The present 
test series was planned to examine various methods of placing internal 
flaws in photoelastic models, including: (1) the formation of voids 
by machining the model in several sections, with subsequent assemblage 
by gluing; (2) cast-in-place flaws; and (3) several variations and 
combinations of these. The basic flaw type used was a ~II diameter 
spheren This geometry was chosen because all the above flaw placement 
techniques were applicable to the modeling of this shape. 
4.2.2 Description of Specimens. The evaluation of the modeling 
technique involved the manufacturing, stress freezing, and analysis of 
a set of tension specimens, the dimensions of which are shown in Fig. 
4.1. Included in the test series were three basic spe"cimen types. 
The models of the first type, which contained a centered ~II diameter 
spherical flaw, incorporated the various methods of placing a flaw in 
an epoxy model. The models of the second type contained a ~II diameter 
hemispherical flaw located at the surface; these were a variation of 
the first model type, where the degree of constraint, due to the 
positioning of the flaw at a free edge, was lowered. The models of 
the third type were calibration pieces, without flaws; they were in-
cluded to give an indication of the appropriate loading and material 
characteristicso 
As noted in Section 4.2.1, the methods of placing flaws in 
epoxy models may be divided into two general groupso For the simpler 
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void geometries, such as the spherical shapes and derivatives thereof, 
a process is possible in which sections of the void are machined in 
several parts of a composite model" Assemblage of the model is then 
accomplished by gluing the several parts together. Some refinements 
of this basic method have been investigatedo These include the fitting 
of wax and Woodis metal cores in the flaw cavity to prevent glue, which 
could alter the flaw geometry, from seeping into the void (Fig. 402), 
and the drilling of a small hole into an unimportant area of the void 
to relieve pressure which may build up during stress freezing. 
In the case of the more complex flaw shapes, the method of 
cast-in-place voids is most desirable. Two types of flaw cores were 
planned for the test series using this procedure, one made of silastic 
* rubber, the other of Woodis metal. The silastic rubber inclusions 
were designed to remain in the model through stress freezing. Therefore, 
they should be flexible enough not to induce stresses in the epoxy due 
to shrinkage effects or to deformation during loading. On the other 
hand, the core should be sufficiently stiff to maintain the desired 
shape during the casting process. As will be noted later, the silastic 
rubber cores produced well-defined shapes, but offered too much resis-
tance to the epoxy during shrinkage, thus creating a residual tensile 
stress field around the flawc 
The placement of Woodis metal cores was also attempted. The 
reason for selecting this core material was its relatively low melting 
* Silastic A RTV Mold Making Rubber with RTV Catalyst 2, Dow Corning 
Corp., Engineering Products Division. 
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point, presumed to be above the curing temperature and below the critical 
temperature (for stress freezing purposes) of the epoxy. Thus, a Wood's 
metal core would retain its shape during casting and curing and would 
melt during the stress freezing operation. Then, as the critical tem-
perature was reached, removal of the melted core material could be 
effected through a pressure relief hole, prior to loading of the model. 
However, the Woodis metal proved to have too low a melting temperature 
and melted prior to casting. Therefore, further studies of the cast-
in-place technique using this core material were abandoned. 
As indicated in Table 4.1, two of the ten modeling-evaluation 
tension specimens were left unloaded throughout the stress freezing cycle 
for cal ibration purposes. The other eight models were loaded to a 
calculated maximum stress of 25 psi by 5 lb. weights as shown in Fig. 
4.3. The failure stress of the epoxy at the critical temperature was 
assumed to be 100 psi. This conservative loading factor of 4.0 was used 
to provide for any stress concentration caused by crookedness in loading 
fixtures, specimens, etc., since failure in the hot epoxy usually takes 
place in a brittle manner with very little plastic deformation. 
Table 4.1 also describes the flaw placement techniques evalu-
ated in this test series. Models No.4, 6, 7 and 8 all included a 
centered ~" diameter spherical flaw produced by machining and gluing. 
The cavities in Nos. 6 and 8 contained a wax and a Woodis metal filler, 
respectively, while the cavities in Nos. 4 and 7 contained no filler 
material. All four of these models were loaded and pressure relief 
holes were provided in all except No.4. 
Models No.1 and 2 contained cast-in-place centered ~II diameter 
silastic spheres. Model No.2 was left unloaded for calibration purposes. 
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Models No.3 and 5 contained the \H diameter hemispherical inclusion 
located at the surface of the specimen. The cast-in-place technique 
was used in the case of No.3, whereas the hemisphere in No.5 was 
machined. 
Models No.9 and 10 provided calibrations of the material and 
loading along with indications of the completeness of the annealing 
during the stress freezing cycle. Neither of these models contained 
flaws. Model No.9 was left unloaded for a check on the magnitude of 
the residual stresses. 
4.2.3 Analysis of Isochromatic Fringe Patterns. Two sets of 
fringe patterns were analyzed from the models described above: one 
obtained from the unsliced models and the other from central slices, 
I 
.050 11 thick. The first set gives an general indication of the state of 
residual stresses, shrinkage effects, and loading conditions. The cen-
tral slices were used to obtain a point by point indication of the 
stress variations in the regions of maximum stress. 
4.203.1 Unsliced Models. Shown in Figs. 4.4,4.5,4.6, and 4.7 
are selected photographs of isochromatic fringe patterns obtained by 
passing circularly polarized light through the full t~ickness of the 
model. Analysis of these fringe patterns by normal methods is possible, 
although the results would not be very meaningful, since these fringe 
patterns are indications of a stress averaged through the entire thick-
ness of the model. Some general observations may, however, be made. 
Comp~risons of the fringe pattern of Model No.2 with those 
of Nos. 9 and 10 are shown in Figs. 4.4 and 4.5, respectively. As in-
dicated in Table 4.1, No.2 was a non~loaded specimen containing a 
cast-in-place silastic sphere, whereas Nos. 9 and 10 contained no flaws. 
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No.9 was not loaded and No. 10 loaded. In comparing the two non-loaded 
models (Fig. 4.4), a clear indication of the residual tensile stress 
field is seen. Figure 4.5 shows the fringe patterns caused by the 
residual stress field in Model No. 2 and by the five pound loading in 
No. 10. The relatively high stresses caused by the restraint to 
shrinkage may be noted. 
Figure 4.6 compares the loaded and non-loaded specimens contain-
ing the centered silastic sphere (Models No.1 and 2). Some variation 
of the fringe pattern in No.1 is caused by the applied load, but the 
predominant characteristic of the stress condition is still caused by 
the shrinkage stresses. This condition must be vastly improved before 
the cast-in-place technique of flaw placement can be applied to a 
general shape of inclusion (see Section 4.2.4). 
Models No.9 and 10 are compared in Fig. 4.7. These are 
the two calibration specimens without flaws, non-loaded and loaded re-
spectively. The slightly unsymmetrical nature of the fringe pattern 
in No. 10 appears to be caused by an eccentricity in the loading. 
As discussed in Appendix C and shown in Fig. C.2, high 
residual stresses may be induced during the machining 'operations. The 
absence of such residual stresses may be noted in Model No.9, the 
non-loaded model in Fig. 4.7. This condition was achieved by annealing 
during the stress freezing cycle. 
Fringe patterns of unsliced models were not obtained for the 
models containing spheres produced by the machining and gluing proce-
dureo The glued surfaces in these models were positioned such that 
the fringe patterns would have been disturbed. 
4.2.3.2 Analysis of Central Slices. The analysis of the highly 
stressed regions close to the flaws was performed by examining central 
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slices removed from the stress frozen tension specimens. The location 
of the slices is indicated in Fig. 4.1. The variations of the fringe 
reading were used as an indication of the stress distribution close to 
the flaw. These variations are plotted in Figs. 4.8 and 4.9. The 
numbers in these plots correspond to model numbers as listed above and 
in Table 4.1. The stress variations caused by the centrally located 
silastic rubber spheres in loaded and non-loaded models (Nos. 1 and 2) 
are shown along with the distributions caused by the two hemispherical 
flaws (Nos. 3 and 5) (Fig. 4.8). It may be observed that high tensile 
stresses close to the flaw were present in both the models containing 
centered silastic inclusions. The effect of the applied loading is 
noted by observing that curve No.1 lies above curve No.2. 
The high maximum stresses at the flaw, noted in the case of 
the centrally loaded silastic spheres, are also found in the model 
containing the silastic hemisphere at the surface (No.3). This indi-
cates that a bond between the epoxy and the rubber may have existed, 
causing the high local fringe orders. Application of a mold release 
agent to the silastic spheres may alleviate this situation somewhat, 
in that redistribution of the core material may take place during loading. 
In comparing the two models containing the hemispherical flaws (Nos. 
3 and 5), it may be noted that the fringe order at a distance farther 
than approximately 1.5 mm from the flaw, is the same for the machined 
and cast-in-place flaws. The fringe orders within this distance of 
the flaw clearly shows the large amount of restraint offered by the 
core material~ 
Figure 4.9 contains plots of the variations in fringe order 
at the flaw for the centrally located spheres produced by machining and 
gluing. All of these models show approximately the same stress 
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distribution, although some slight differences may be noted. The two 
models which were assembled without the use of filler material in the 
void showed the same maximum stress at the flaw, although the stresses 
varied somewhat differently away from the flaw. These differences were 
possibly due to different amounts of glue seeping into the void. No 
noticeable effects of the pressure relief hold were found. This was 
attributed to the fact that the glued joint had not provided a completely 
airtight seal around the void, A partial release of the joined surfaces 
was noted during machining operationso This was probably caused by high 
residual stresses introduced in the glued connections by the pressure 
applied to the models during gluing. 
The two models containing wax and Woodis metal filler materials, 
Nos. 6 and 8, respectively, show,similar fringe variations; however, the 
plot representing the model with the Woodis metal filler lies slightly 
above the one for the model containing a wax filler. It is presumed 
that incomplete drainage of the Woodis metal filler caused this increase, 
since a small piece of the filler was found in the void during slicing 
of the model. 
In both Figs. Noo 4.8 and 4.9, it may be observed_ that, at 
distances greater than 4 mm from the flaw, some plots show slight in-
creases in stress level, whereas the others exhibit the normally 
expected reductions in stresso These behavior patterns can be related 
directly to the location of the model on the loading frame. Thus, they 
may be linked to the eccentricity in the applied loading observed earlier. 
40204 Evaluation of Flaw Placement Technigues Examined. The model 
series evaluating the modeling techniques shows that the best voids, 
with regard to definition of shape and extraneous stresses induced, 
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were produced by the machining and gluing procedure. Among these, the 
methods utilizing a filler material to prevent seepage of glue into the 
void were superior. It must be noted, however, that these methods are 
limited in their application to simple flaw geometries. 
It may also be concluded, that, in order to apply the method 
of cast-in-place flaws, the residual stresses caused by the restraints 
to shrinkage and to deformation during loading must be eliminated. The 
most promising approach seems to be the use of a removable core. This 
may either consist of a core which can be withdrawn from the model upon 
curing of the epoxy, or one which will melt during the stress freezing 
cycle and which then can be removed through a small hole drilled to the 
voido A Woodis metal, with a slightly higher melting point than the 
one available for the present tests, might be suitable as a meltable 
core material 0 The capability of removing the core permits an annealing 
to take place, during stress freezing, of any stresses induced during 
the curing process. 
Depending on the geometry of the void desired, more flexible 
rubber cores may also be applicable. The geometry of the core is 
important since the flexibility of the insert depends ·on its shape as 
well as the material from which it is made. The solid spheres used in 
the test series described above are probably among the more rigid 
inserts from the aspects of shapeo Other flaw geometries may inherently 
cause less restraint. 
4.3 Models Simulating Partial Penetration Transverse Butt-Welds 
4.3.1 Purpose of Test Series. The photo21astic models described 
in this section provided the energy distributions which were used to 
analyze the fatigue behavior of transverse butt-welded connections 
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with lack of penetration flaws. As noted previously, the results from 
a series of fatigue tests of specimens containing welds with these de-
fects were used as a basis for the study of the relationship between the 
severity of the flaw and the fatigue behavior of the weldment containing 
that flawo Several of the flaw geometries were simulated in epoxy models, 
and the stress distributions induced by the flaws were determined using 
photoelastic techniques. The photoelastic data were then reduced to 
yield the distributions of the shear-distortional strain energy required 
for application of the pro~osed hypothesis. 
4.3.2 Fatigue Tests Used as a Basis for the Models. As noted in 
Chapter 1, a literature search was made to find results of a suitable 
series of fatigue tests of partial penetration transverse butt-welds. 
It was desired that such a test series include: a sufficient number of 
test specimens, a variation of flaw sizes, and good control and accurate 
determination of flaw dimensions. A test series with these features 
was found and the photoelastic models were planned according to the 
flaw geometries placed in the fatigue test specimens. It was hoped that 
a variation of steel type could be found along with the variation of 
flaw dimensions, but this has not been possibleo 
The fatigue tests which were used as a pattern for this series 
of photoelastic models were reported by Guyot et ale (22, 23) The partial 
penetration transverse butt-welds were located in specimens 140 mm wide, 
20 mm thick, and 800 mm long. The steel used was an open hearth, semi-
killed steel in the tensile range of 42 to 50 kg/mm 2. The connections 
were made by manual arc welding using electrodes of 3.25, 4.00 and 
5.00 mm diameter, with a neutral or acid coating. All welded connections 
were subjected to a stress-relief annealing treatment prior to testing. 
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The flaws varied in length from the full width of the plate (140 mm) to 
5 mm, and the heights ranged from 1 to 5 mm. Each geometry was produced 
in at least three specimens, the number ~onsidered a minimum fora mean-
ingful evaluation of the results. All specimens were tested in a 
repeated axial loading cycle of 2 to 18 kg/mm2. Calculations of the 
fatigue limit were, in the reports, made on the basis of the lives 
attained at the above stress cycle 9 by assuming the slope of the S-N 
diagram, k, to be 0.10. However, it has ,been found(65) that k is 
generally not constant for joints containing flaws of varying severity 
(normally k increases with increasing flaw severity). Since a more 
accurate determination of k was not possible with the available test 
data, the reported values of the fatigue limit were used in the cor-
relations of photoelastic and fatigue test data despite the apparently 
erroneous assumption. As will be discussed in Chapter 5, the correl-
ations were successful although trends were observed in the results of 
the correlations which indicated that better correspondence of predicted 
and actual fatigue strength reduction factors would have been obtained 
had more accurate values of k been available. 
The geometries selected for the photoelastic models are listed 
in Table 5,1 (Column 2). Included in this table are the corresponding 
2 fatigue lives obtained at the 2-18 kg/mm stress cycle and the fatigue 
strength extrapolations at two million cycles as discussed above 
(Columns 3 and 4). 
4.3.3 Description of the Modeling Method. The modeling of the 
lack of penetration butt-welds was attempted by two different methods. 
The first method consisted of a combination of the "cast-in-place" and 
IImachining and gluing" techniques (see Section 4.2). This method was 
adopted as a result of the findings of the evaluations of flaw placement 
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techniques described in Section 4.2 Since the geometry of the desired 
lack of penetration flaws would not permit generation of the voids by 
machining, a removable core was utilized to form the flaw. In this way, the 
stresses induced by the core restraint during curing could be removed by 
annealing during the stress freezing operations. As shown in Fig. 4.10, 
the flaw was cast in the model by pouring the liquid epoxy around a 
.007 11 thick strip of stainless steel 0 The length and height dimensions 
of the strip were determined by the siz~ of the flaw modeled. Proper 
placement of the void in the model was assured by mounting the stainless 
steel strip on a brass holder (Fig. 4010). When the epoxy had hardened 
sufficiently, the brass holder and the stainless steel strip were 
removed and then final curing of the model was carried out. Upon final 
curing, a piece of epoxy was machined to fit the void left by the brass 
holder~ inserted into the void, and glued in place. Glue was prevented 
from entering the lack of penetration cavity by a piece of thread placed 
as shown in Fig. 4.11. The outer surfaces of the specimen were machined 
to the desired final dimensions with a y-cutting operation (Fig. 4.12). 
This modeling technique, while basically sound, introduced 
severa 1 di ffi cul ti es 0 Fi rst of all, shri nkage around· the brass inserts 
during curing caused cracking in the epoxy in a few instances, although 
the inserts were tapered to prevent this. The cracking could have been 
alleviated by applying a large amount of mold release agent to the 
surfaces of the inserts. However, a large amount of mold release agent 
could disturb the definition of the lack of penetration voids, the geo-
metries of'which were of utmost importance in this investigation. 
Secondly, the glued joints were not reliable in that they failed when 
subjected to load. Based upon observations made in the analysis of the 
tension models described in Section 4.2, it is believed that the glued 
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connections failed because of the high pressure applied to the epoxy 
inserts during gluing. The pressure was applied to insure a good fit 
between the insert and the rest of the plate. This may, however, have 
caused high residual stresses in the glued connections which during 
machining or stress freezing could have led to a release between the 
glued surfaces. These failures of the glued connections could have been 
remedied by using larger quantities of glue and by applying less 
pressure to the insert during gluing. H.owever, the presence of excessive 
amounts of glue would impair the quality of the connection. 
In order to avoid the difficulties inherent in the above 
manufacturing method, a procedure was developed in which the flaw was 
cast in place in the epoxy model. This method employed flexible cores 
as suggested in Section 4.2. The cores used to form the voids were cut 
from teflon sheets 9 0010 11 thick. Teflon was chosen because the epoxy 
will not adhere to this material 0 This removed the necessity of using 
the mold release agent and thus permitted a better definition of the 
flaw geometry. Als0 9 the thin sheets of teflon exhibited a large 
amount of flexibilitY9 which was even more pronounced at the casting 
and curing temperatures of the epoxy. 
Figure 4 0 13 shows the manner in which the teflon strip was 
held in place during casting and curing. The strip was stretched out 
between two piano-wire holders which were mounted on an epoxy base. 
Placement of the teflon was such that the machining of the cast plate 
to its final dimensions would remove the epoxy base. The piano wires 
were coated with mold release agent so that they too, could be removed 
subsequent to curing of the epoxy. 
The success of this procedure was determined by a crack of 
the residual stresses around the flaw subsequent to slicing of the 
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this procedure of securing an lIinsurance" slice o A detailed description 
of the slicing procedures is presented in Appendix C. 
The model cross section revealed by the removal of a slice is 
shown in Fig, 4016. The regions of interest in this analysis are those 
adjacent to the two flaw tips, since these are the expected locations 
of the highest stresses and stress gradients~ Figure 4.17 shows a 
typical grid of the points around a flaw tip at which photoelastic 
measurements were taken. The extent of ·the region analyzed and the 
spacing of the readings taken within this region, were determined by 
the stress gradient at each pointo Close to the flaw, where the stress 
gradients encountered were high, closely spaced readings were necessary 
to properly define the variations in the stress state. The smallest 
spacing on the scale used for measuring the distance travelled between 
analyzed points, is 0.1 mm. However, reading spacings as low as 0.025 
mm were estimated using the scale as well as visual observations of 
the slice. These small spacings were only necessary immediately ad-
jacent to the flaw tip. At distances up to 0020 mm from the flaw, 
intervals of 0.05 mm were found to be satisfactory. In the remaining 
portions of the regions analyzed, intervals of 0.10 mm and 0.20 mm 
were used. 
The grid of analyzed points shown in Fig. 4.17 extends 1.50 
mm in advance of the flaw tip and 0070 mm to either side of it. Even 
though a major portion of the stress variation induced by the flaw 
took place within this region, a slight stress gradient was still 
observed at the outer boundaries of the region. Therefore, additional 
readings were necessary to define the nominal stresses. The slicing 
patterns of the models were designed to yield slices from selected 
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nominal stress regions. These slices were chosen to provide the nominal 
levels throughout the modele It was found, though, that a significant 
amount of bending and twisting had been applied to the models. This 
was probably caused by a slight crookedness in the loading system and 
perhaps also by inaccuracies incurred during machining operations. Due 
to this non-axial loading, the above "nominal" slices were observed to 
be inadequate since an accurate determination of the nominal stress 
level in regions between these slices could not be made. In order to 
obtain satisfactory values 'of the nominal stresses, it was necessary 
to determine them locally, for each flaw. Therefore, additional 
readings were taken 3, 5, and 7 mm in advance of and to either side of 
each flaw tip. Figure 4.18 shows how a typical determination of a 
nominal stress level was performed. The measured fringe order levels 
are indicated at the appropriate points in Fig. 4.18a. In terms of 
the x-y coordinate system shown in this figure, the variation of the 
nominal stress level in the y-direction was obtained by averaging the 
fringe orders on the lines x = ±5 mm at y-coordinates of 0, 3, 5, and 
7 mm. This variation of the nominal stress level was then plotted as 
shown in Fig. 4.18b. The two readings shown at the opposite flaw tip 
were taken in order to obtain the variation in nominal stress across 
the entire section. It may be noted from the plot in Fig. 4.18b, 
that a bending moment was superposed on the intended axial loading, 
and that the presence of the flaw caused a reduction in stresses in 
the central regions of the model 0 The broken line shown was assumed 
to define the nominal stress level around the flaw under consideration. 
In the example illustrated, the nominal stress, taken as the ordinate 
to the broken line at y = 0.75 mm, is shown to be .28. The nominal 
level 0.75 mm from the flaw was used since this distance is one half 
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of the extent of the region defined by the grid of analyzed points (Fig. 
4.17). The nominal stress at this location would provide an average 
value for the above region. Using this procedure, all readings per-
taining to a particular flaw, including nominal readings, were taken 
in the immediate vicinity of that flaw. The number of readings required 
to determine the stress distribution around a flaw tip usually totaled 
approximately 200. 
Symmetry checks were made on two of the flaws to ascertain 
whether nominalized stress distributions obtained at opposite tips of 
the same flaw, were the same. Full sets of readings taken at both 
flaw tips showed good agreement for the two geometries examined in 
this manner, allowing the analyses of subsequent flaws to be performed 
by taking readings at one tip only. 
The photoelastic measurements were obtained using a polarizing 
microscope. The features of this instrument are essentially the same 
as those of the standard polariscope, but they are provided in combin-
ation with the elements of an ordinary optical microscope. As in a 
standard polariscope, the fringe patterns are observed by viewing a 
stress frozen slice placed in the light path of the microscope. The 
amount of birefringence observed at any point of the slice, which 
quantity is a measure of the fringe order at that point, was determined 
using a Berek compensator. This instrument, when inserted in the light 
path of the polarizing microscope ll has the capability of "subtracting" 
a measurable variable amount of birefringence from that of the slice. 
The condition of zero retardation occurs when the amount of birefrin-
gence introduced into the system by the compensator is equal, in an 
opposite sense, to that exhibited by the model. Since this condition 
is readily discernible, the amount of birefringence at any point of 
the slice may be read directly from the compensator. 
The conversion of the compensator readings to fringe orders 
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can be performed using a set of tables provided with the instrument. In 
programming this process for computer reduction, however, the equation 
from which the tables were developed, proved more convenient. This 
equation was obtained from Berek's original papers on the theory of the 
compensator(4, 59) and it defines the fringe order, N, as follows: 
N = C1 
( . 2. sln 1 (1 + 0.2040 sin2i + 0.0708 sin4 i)) 
where is an average of two compensator readings 
* and C1 is a compensator constant. 
While the compensator readings were being taken, the directions 
of the principal stresses at the point studied had to be aligned with 
the axes of the polarizer-analyzer assembly of the polarizing microscope. 
This alignment was accomplished, as in a standard polariscope, by 
observing the isoclinic fringes" 
Variables recorded for each analyzed point included: (1) the 
x- and directions of the principal 
stresses, and (3) two compensator readings to determine the fringe order, 
each taken twice as a checko Also noted were slice designations and 
thicknesses. Since a manual reduction of the large amount of data ob-
tained would have been very time consuming, the reduction process was 
* In using the compensator tables it should be noted that the constant, 
C, used there, 1S a function of the type of light used in the analysis. 
C=Cl·~ where ~ is the wave length of the light used, in mill i-microns. 
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programmed for the University of Illinois IBM-360 computer system. The 
program was designed to accept data in the form in which it was recorded 
during analysis of the slices, to label each point - column by column -
in the grid of analyzed points (Fig. 4.17), and to perform certain cal-
culationso These calculations included: the determination of a nominal 
fringe order for each flaw tip, as described above; calculation of the 
fringe order (Equation 4.1) and the shear-distortional strain energy, 
II 
Us(x,y) (Equation 30 9), at each point (x,y) analyzed; and the deter-
mination of the volume per'unit area under the strain energy surface 
II 
defined by the ordinates Us(x,y)o This volume was calculated in discrete 
elements defined by the grid shown in Fig. 4,17. 
In addition, one section of the program performed a rough 
separation of principal stresses in certain regions by the Shear 
Difference Method(28) to check assumptions made in the development of 
the shear-distortional strain energy term used in this analysis (Section 
3.2.2). 
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CHAPTER 5 
CORRELATIONS - PROCEDURES AND RESULTS 
5.1 Introduction 
The correlation of the information obtained photoelastically 
(Section 4.3) with fatigue test data(22, 23) from welded joints with 
the lack of penetration flaw configuration is described below. The 
selection of terms used in the correlation is discussed in Section 5.2. 
The organization of the information obtained photoelastically is presented 
in Section 5.3.1, with the introduction of the fatigue test results in 
Section 5.3.2. A discussion of the results of the correlation is pre-
sented in Section 5.3.3. Section 5.3.4 contains a brief consideration 
of special fatigue phenomena observed in test results and their relation 
to the prooosed hypothesis. 
5.2 Selection of Correlation Terms 
In attempting to define specifically the terms which should be 
compared in the correlation of fatigue data and the data acquired photo-
elastically, the following selection criteria have been used. First, 
the terms selected should be related logically to the given problem. 
Secondly, the terms should correspond dimensionally. Finally, the 
values of the terms, as applied at the extremes of their defined range, 
should coincide. 
As described in Chapter 3, in the discussion of the energy 
distribution 'over a specific volume as a determining factor in the 
definition of fatigue behavior, the concept of an energy concentration 
induced by a notch is logically related to the fatigue strength of a 
notched member. Regarding the second criterion concerning dimensional 
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similarity, the problem basically involves a comparison between the 
reduction in fatigue stress, expressed as a ratio of stresses, and an 
energy concentration. In order to achieve dimensional agreement, the 
expression describing the energy condition should involve the square 
root of the energy concentration since a ratio of energy terms can be 
thought of dimensionally as a ratio of stresses squared. 
At this point in the development of the terms to be correlated, 
it was decided to use the effective stre$s concentration factor 
endurance limit for smooth specimen 
endurance limit for notched specimen 
as a definition of the fatigue behavior of the notched member. 
(5.1) 
The following expression was chosen as the term representing 
the energy distribution: 
Here 
and A 
II 
Us(x,y) dA 
K = 
II' 
U 
s nom 
dA 
is the energy term calculated from 
photoelastic data taken in the 
vicinity of the notch (see Section 
3.2.3) , 
is the nominal energy term calculated 
from a nominal fringe order, 
is a specified area surrounding the 
notch tip. 
This expression will in the following be referred to as the K versus 
(5.2) 
area relationship or the distribution of the energy concentration. Note, 
in the expression for K, that the assumed conditions of plane strain 
permit one to use area rather than volume considerations. 
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It may be observed that the third selection criterion listed 
above is satisfied by the choice of Ke and K as defined. Ke normally 
* varies between the values of 1 and Kt ; it equals 1 when the material 
completely insensitive to the presence of a notch. In this case the 
hypothesized characteristic volume is infinitely large. At the other 
extreme, Ke is equal to the value of Kt for materials which are 100% 
notch sensitive. t Here the characteristic volume will be zero. 
In examining the range of variation for K, it may be seen 
that K will also approach the values 1 and Kt at either extreme, thus 
satisfying the third criterion listed above. 
The K versus area relationship may be rewritten as follows: 
K = 
is 
(5.3) 
From considerations of conservation of energy, it may be noted that the 
improper integral 
J 00 (U~(x,y) - (U~ nom) dA 
o 
is convergent. Therefore, we have from Equation 5.3 that: 
lim K = 1 
A -+ 00 
* maximum elastic stress K = -.......,.----..--::----,---,,...---..,---t nominal elastic stress 
t This upper limit of Ke will be discussed further in Section 5.3.3. 
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or that the expression for the energy concentration will attain the same 
value as K
e
, namely the value 1, for materials insensitive to notches. 
As the area approaches zero, the maximum stress can be con-
sidered to have a constant value over the infinitesimal area at the 
notch tip. In this small region, the energy term can be written as, 
= C . 
where C is a constant 
and 0max is the maximum elastic stress. 
Similarly, we have 
II 
Us nom = 
where 0nom is the nominal elastic stress. 
II 
This last relationship is true throughout the body, since Us nom is a 
constant, 
The expression for K, as the area approaches zero, then becomes 
C . 2 fA 1 im K 1 im °max dA ° Kt = = max' = A-+o A-+o 
C G 2 t °nom °nom dA 
On the basis of the criteria discussed above, these observations indicate 
that K is suitable for the purposes of relating the energy concentration 
and K , the effective stress concentration. 
e 
5.3 Results of the Correlation 
5.3.1 Plots of the Photoelastic Data. As discussed in Section 4.3, 
a photoelastic determination of the states of stress was performed at 
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points arranged in the grid shown in Fig. 4.17. Also shown in this 
figure are the incremental areas, numbered one through six, used in 
plotting the K versus area relationship described in Section 5.2. The 
shape of these incremental areas was established from the fringe 
patterns observed around the flaw tips such that the boundaries of the 
areas followed approximately lines of constant fringe order. In this 
way, each incremental area included regions subjected to about the 
same level of shear energy. Using these incremental areas, the average 
energy concentration, K, was calculated in discrete steps for increasing 
areas around the flaw tip. 
Figure 501 shows the plots of K versus area for the lack of 
penetration flaws with constant height (.250") and lengths of 2", 411 , 
and 711 • It may be noted that the curve representing the least severe 
fl aw (.250 11 x21l) 1 i es be low the other two. Increased severi ty is thus 
identified by upward shifts in the corresponding curves. Similar obser-
vations can be made for flaws of constant lengths and varying height. 
Curves illustrating the effect of varying flaw heights are presented in 
Fig. 5.2. Here the curve representing the .250 1l x411 flaw lies above the 
curve corresponding to the less severe condition imposed by the 
.150 1l x411 flaw. 
The stress distributions used to generate the plots in Figs. 
501 and 502 were all obtained from slices located at mid-length of the 
respective flaws. The data taken from the slices located at the ends 
of the flaws showed no consistent relation to flaw severity. One 
reason may have been the difficulty of providing suitable alignment 
of the cast-in-place flaws (see Appendix D). Also, substantial vari-
ations in the stress state in the longitudinal direction of the flaw 
may exist in these regions, making the exact positioning of the slice 
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critical 0 Slight deviations in the location of the slice relative to 
the end of the flaw may have caused significant changes in the stress 
state. 
It should be noted that the distinct variations in the curves 
shown in Figs. 50 1 and 5.2, caused by differences in the overall dimen-
sions of the flaws, were found despite an apparent random variation in 
the local geometries at the flaw tips. Visual examinations, with an 
SOX magnification, of the shapes of the flaw tips and photoelastic 
determinations of the maxim~m stresses revealed a significant variation 
in the peak stress states from flaw to flaw that appeared to have no 
bearing at allan the relative positions of the K versus area curves. 
5.302 Introduction of the Fatigue D~ta. The fatigue strength 
* reduction factors, Ke , for welded specimens containing flaws of the 
same geometrues as those modeled for photoelastic analysis were obtained 
from the test series reported in References 22 and 23 (see Section 
403.2). These values of Ke are suggested to be related - by means of 
the K versus area plots - to a characteristic area which defines the 
notch sensi.tivity in fatigue for the material in question. Once this 
material characteristic has been defined, the reverse process of 
determining Ke , for a given notch and loading, using the appropriate 
energy concentration curves, will be applicable~ 
A value for the characteristic area for the filler metal 
used in the fatigue tested butt-welds was obtained from the test results 
of each of the flaw geometries examined. This was done by entering the 
K-axis of the energy concentration plot at the appropriate value of Ke 
* All calculations of strength reduction factors are, in this investi-
gation, based upon gross section stresseso 
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and then obtaining the corresponding value of the characteristic area on 
the abscissa (Fig. 503). 
50 3.3 Discussion of Resultso Column 5 in Table 5.1 lists the values 
of Ke obtained for each of the fatigue specimens used in the analysis. 
These values were obtained using an average fatigue limit of 18.6 kg/mm 2 
for the fatigue tests of unnotched specimens, as indicated in Table 5.1. 
The values of the characteristic area, A, obtained for each test, are 
listed in column 6 0 The average of these values was used to determine 
the characteristic area for the metal in which the flaw was located. 
As indicated in the table, this material property was found to be 
2 1.39 mm . 
In examining these results, it may be seen that a large per-
centage deviation from the average value was obtained in the values of 
the characteristic areas corresponding to the individual tests. How-
ever, these variations should be viewed in the light of the fact that 
scatter is inherent in the original fatigue data. Also, since the 
* material considered is ductile and therefore has a large character-
istic area, the portions of the K versus area plot being used include 
that portion of the curve where K approaches a constant value. Large 
variations in the area, therefore, can be expected for small changes 
in KeG For a more realistic look at the accuracy of the method, the 
value of 10 39 mm2 was assumed to be the proper value and then using 
the K versus area plots, values of Ke were predicted for each flaw 
geometry (column 7). Comparisons of predicted and actual values of 
* Specimens made from the filler material showed elongations over a 
test section, five diameters in length, of 27% and 30%, and re-
ductions in area of 51% and 55%0 
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K were made and the percentage deviations are shown in column 8. These 
e 
deviations indicate that the predictions made$ on the basis of a char-
acteristic area averaged from data obtained from all the notches, 
exhibit no more scatter within a single flaw type than does the original 
fatigue datao 
It may be noted, from the percentage deviation listed in co)umn 
7, that for the more severe notches (0250"x7" and. 250 I x4"), the pre-
dicted values of Ke (column 7) tend to lie above the actual values 
(column 5)9 whereas the rev~rse appears to be true for the less severe 
flaws. These differences may be related to the inaccurate assumption 
(Section 403 0 2) made in the report from which the fatigue information 
was obtainedo As mentioned in Section 40302, all the welded specimens 
were tested in a pulsating tension cycle of 2-18 kg/mm2. From the 
lives attained at this stress cycle, the fatigue limit was obtained 
by extrapolation assuming a constant value for the slope of the S-N 
diagram ofk=OolO for all flaw dimensions. This value of k is normally 
found to be valid for sound welds, but, as shown by Wilson, Munse, 
and Snyder, (65) the slope is not constant for varying flaw severities. 
Values between k=Oo15 and k=0.20 have been observed(65) for transverse 
butt-welds containing lack of penetration flaws which were somewhat 
more severe than the flaws used in the present correlation. In order 
to evaluate the effect of variations in k, a value of k=0.15 was 
applied to the data obtained from the specimen containing the 
.250 Il x7" flaw. The corresponding fatigue stress reduction factor, Ke , 
was calculated for the three specimens tested with this flaw size and 
used to determine a new set of values for the characteristic area. 
2 These were found to be 0099, 1.00, and 1.04 mm , as opposed to the 
values 1042, 1.46, and 10 56 mm2 obtained by assuming k=0.10. The 
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new values for the area (for k=O.15) are comparable to the lower range 
of values found in the results determined for the o250"x2" flaw. It 
appears then, that had more accurate values for the slope of the S-N 
diagrams been available and used to determine the endurance limit cor-
responding to the various flaw sizes, the scatter in the predicted 
values of Ke would have been even less o 
Failure was assumed in the fatigue tests used in this correl-
ation to have occurred when two parts of .the test piece had separated 
visibly. This criterion is~ therefore, necessarily reflected in the 
correlations and the determinations of the characteristic area. Since 
the proposed hypothesis, however, only is concerned with the conditions 
in a small region adjacent to the flaw tip, the correlation should, 
strictly speaking, be made with data relating to crack initiation 
and possibly limited propagation. The energy distribution curves will 
change to some degree, upon crack initiation, depending on the type 
of notch initially present in the member. Noting, however, the general 
geometrical similarity in the lack of penetration flaws, it was assumed 
that the crack propagation stage occupied a constant number of cycles 
for the flaw geometries examined. Thus, the correlation obtained 
above could be considered to be concerned primarily with crack initiation 
despite the fact that this information per se was not available in the 
fatigue data. This assumption is largely substantiated by the finding 
of Radziminski et al. (58) that once crack initiation had occurred, the 
number of cycles to failure was observed to be fairly constant for a 
variety of flaw typeso The large amount of scatter observed in their 
results was found to be mainly due to large variations in the number 
of cycles to crack initiation; these variations were caused by the 
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presence of different flaw types 0 In this case then, the total life to 
failure of a specimen was principally an indication of how many load 
cycles had been applied before crack initiation took place. 
5.3.4 Applications of the Proposed Hypothesis to Special Fatigue 
Phenomena. In the large amount of information available on the fatigue 
behavior of notched members, reports are occasionally found of unusual 
or unexplainable phenomena appearing in the results. In some cases 
these findings have led to the development of theories which have been 
proven widely applicable, whereas in other cases conclusions have been 
drawn which are strictly limited to the case at hand. In most instances, 
however, these special occurrences have essentially remained unanswered 
as far as a basic understanding of the phenomena involved is concerned. 
Some of these cases will be described briefly in the following sections, 
with discussions of their relation to the proposed hypothesis. 
Some well-known examples of phenomena of the above-mentioned 
types are the size-effect theories;(50, 51, 54, 64, 67, 68) the dis-
coveries of non-propagating fatigue cracks;(19) the finding that no 
further reduction in fatigue strength occurs when the sharpness of a 
notch is increased beyond a certain critical severity;(62) and the 
observations that the fatigue strength reduction factor has exceeded 
the elastic stress concentration factor in tests involving quenched and 
tempered steels. (67) 
The size of a specimen was thought by many investigators to 
be an important parameter of the fatigue behavior of notched members. 
Many tests involving both rotating beam and axially loaded specimens 
showed that the size of a member had a direct influence on its sen-
sitivity to notches. Theories were developed along these lines which, 
in limited cases, could predict the fatigue life of a specimen, but 
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often did not explain observed test results. For example, some investi-
* gators predicted complete notch sensitivity for specimens over a certain 
size, a phenomenon which could not be verified experimentally. It was 
later discovered that~ rather than the size of the member being important 
in predicting its fatigue behavior, the variations in stress state caused 
by the changing dimensions was of significanceo Specifically, it was 
suggested that the stress gradient was the important parameter and some 
tests did substantiate this theory" The difficulty arose, however, when 
attempts were made to explain logically why the stress gradient, as 
such, was significanto The hypothesis proposed in the present work also 
explains fatigue behavior in terms of the stress state around the notch; 
it may be observed that the stress gradient is related to the distri-
butions of the energy concentration used in the theory presented herein. 
Figure 50 4 shows assumed energy concentration curves for two geometrically 
similar specimens of different sizes. Since the maximum theoretical 
stress concentration is the same for both specimens, a steeper stress 
gradient, and therefore a steeper K versus area relationship, may -
from considerations of equilibrium - be expected in the smaller specimen. 
In applying the same value of the characteristic area,· A, to both K 
versus area plots, a larger value of Ke is determined for the large 
specimenc Thus, according to the proposed hypothesis, the large specimen 
will have a lower fatigue limit because it is subjected to a higher 
average energy level within the characteristic area. 
The non-propagating cracks described by Frost(19) showed that, 
depending on the severity of the notch, cracks which had initiated from 
* Complete notch sensitivity is said to exist when the reduction in fatigue 
strength, due to the presence of the notch, is equal to that predicted by 
the theoretical stress concentration factor. 
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the notch tip, could propagate continuously into the member or become 
stagnant upon initiationo A critical theoretical stress concentration 
factor was found below which any crack, once initiated, would always 
propagate until failure of the specimen, and above which non-propagating 
cracks were observed., Frost concluded that two different relationships 
existed between the theoretical and the effective stress concentration 
factors, depending on whether Kt was above or below the critical level. 
No explanation was offered, however, of the observed results. Figure 
505 shows energy concentration distributions for two notches, one is 
assumed to have a Kt higher than Frost1s critical value, the other 
having a lower stress concentration factor. Also shown are the changes 
which could be anticipated in these curves upon initiation of a crack. 
In each case, the same steep stress distribution assumed to be caused 
by a crack alone, is appropriately superposed on the stress distri-
bution induced by the original notch, Because of the steep gradient 
induced by a sharp notch (Figo 5,5a), the disturbance created by this 
notch - although initially more severe - will not extend as far into 
the specimen as will the disturbance caused by a blunt notch (Fig. 
5e5c). Thus, when a crack has initiated and propagated a short distance 
into the specimen, a crack length may be reached where the combined 
effects of the original notch and the fatigue crack will produce an 
average energy level over the characteristic area which actually is 
lower for the sharp notch than for the blunt notch. The problem of 
crack propagation is here approached using the developed energy concen-
tration hypothesis 9 although the method is primarily concerned with 
crack initiationc This last statement is still true; however, a crack 
propagation problem can, as has just been shown, be treated as a series 
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of crack initiatons, although an actual solution by the proposed method 
would be extremely laborious and would involve several basic assumptions. 
The third example mentioned above concerning the observations 
that reductions in the fatigue strength of a notched member will occur 
with increasing values of Kt only up to a critical notch severity,(62) 
is very much like the case of the non-propagating crackse Figure 5.6 
illustrates how increasingly sharper notches, according to consider-
ations of the K versus area plots, do not necessarily induce energy con-
centrations, averaged over the characteristic area, that are substantially 
higher, 
Yen and Dolan(67) have reported cases where fatigue tests of 
notched specimens of a quenched and tempered steel have shown a greater 
reduction in fatigue strength than that predicted by the theoretical 
stress concentration factor, Kt The energy concentration hypothesis 
predicts, however, that the maximum value the effective stress concen-
tration factor, Ke , can assume is Kt . This apparent contradiction may 
be due to a weakness in the energy hypothesis or, on the other hand, 
the differences in results may be caused by factors other than an ex-
tremely high notch sensitivity, much like the finding that the notch 
effects attributed to size of specimen actually were caused by 
variations in the stress condition, 
In reference to the theories developed in the 1920 I s(6, 15, 24) 
which related notch sensitivity to the damping characteristics of a 
material ~ it is suggested that these correlations may be related to the 
observations of Ke being greater than Kt , The proponents of these 
theories demonstrated that materials with low damping capacity showed 
high reductions in fatigue strength due to the presence of a notch. 
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Although these observations cannot be expected to explain the entire 
phenomenon of notch sensitivity in fatigue, it appears that the manner 
in which the load is transferred through the specimen to the region con-
taining the flaw, could have some bearing on the fatigue characteristics 
of that membero Thus~ in the case of specimens of quenched and tempered 
steel, relatively little damping of the applied load would be effected 
in the portion of the specimen between the pull-heads of the fatigue 
machine and the region of the notch. Conceivably, then, the strain 
rate at the notch could be higher in these specimens than in specimens 
manufactured from a steel with a higher damping capacity. 
The effects of a varying strain rate may be determined by 
observing the effect of testing speed on the fatigue behavior of notched 
members 0 Several investigators report that the speed of testing has 
little influence on notch-sensitivityo Others find, however, that 
notch-sensitivity increases with an increase in speed of testing and 
that this effect is more pronounced for more notch-sensitive 
materials,(50) These observations suggest that increases in strain 
rate, whether caused by increases in testing speeds or by the lower 
damping capacities mentioned above, may bring about an apparent increase 
in notch-sensitivityo Thus, one finds that Ke>Kt may not have been 
caused by an extremely high notch-sensitivity of the material tested, 
but rather by variations in the loading conditions. More definite con-
clusions of this aspect of the question will have to be delayed until 
further investigation can be made into the relationship between the 
damping capacity of a material and the effective loading conditions at 
various points in a test specimen manufactured from that material. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
Much research has been conducted over the last fifty years in 
attempts to predict, in a variety of ways, the notch sensitivity of metals 
in fatigue. The present study provides an energy hypothesis that utilizes 
some of the more successful aspects of the previous research to study 
the fatigue behavior of partial penetration transverse butt-welds. It 
is proposed that the reduction in fatigue strength of a member due to 
the presence of a notch can be predicted by considering the concentration 
of energy, created by the notch, averaged over a given region. 
The development of the proposed energy concentration hypothesis 
including descriptions of the concepts used of energy concentration and 
characteristic volume are contained in Chapter 3. The proposed hypothe-
sis, presented in Section 30205, reads as follows: 
The reduction in fatigue strength of a member due to 
the presence of a flaw can be predicted on the basis 
of the average concentration of the shear deformation 
energy over a region adjacent to the tip of the notch. 
The energy concentration is found from the elastic 
stress distribution as defined by the notch and the 
loading~ and the extent of the region considered is 
a material characteristic determined from tests. 
In order to apply the proposed hypothesis, the energy distri-
bution characteristic of a particular notch is calculated directly from 
the elastic stress distribution induced by that notch and the applied 
load. With this energy distribution, average energy levels are deter-
mined over volumes extending from the notch in discrete stepse The 
boundaries of each incremental volume are defined such that the energy 
levels existing within each volume range between predetermined limits. 
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In this manner, curves may be plotted relating the volumes of a region 
around the notch tip to the average concentration of energy existing 
over that region. In the case of notches for which the conditions of 
plane stress or plane strain apply, incremental areas can be uSed rather 
than the incremental volumes described above 
As discussed in Section 502? the reduction in fatigue strength 
due to the presence of a notch, Ke~ is related to the square root of the 
energy concentration, K, averaged over a given region, A (see Equation 
502). The extent of this region is a material characteristic which is 
defined as the volume (or area) over which the corresponding K-term 
equals KeD Determination of a characteristic area using the plot of a 
K versus A relationship is illustrated in Fig. 5 30 
It was noted in Section 5.3.3 that, since the proposed hypothe-
sis is concerned only with the conditions in a small region adjacent to 
the notch tip, application of the hypothesis should, strictly speaking, 
be limited to those aspects of fatigue fracture relating to crack ini-
tiation and possibly limited propagationo Thus, applications of the 
proposed hypothesis to predictions of fatigue fracture may be defined 
in three groups, as follows~ 
1. Cases where only crack initiation is of interest. In these 
cases, determination of the characteristic volume (or area) 
must be made using fatigue data in which information on 
crack initiation is available. The characteristic volume 
(or area) found in this manner is a material property in-
dependent of notch and membero 
2. Cases where separate means of determining crack propagation 
rates are available or where the crack propagation stage 
of the failure process is short and therefore negligible. 
Here again, the energy concentration hypothesis is used 
strictly for crack initiation studies, and, therefore, 
the characteristic volume (or area) obtained is a 
material property independent of the type of notch or 
member o 
30 Cases where the crack propagation rates are unknown. 
In order to apply the energy concentration hypothesis 
in such cases~ assumptions must be made regarding the 
crack propagation stageo This approach is applicable 
when the duration of the crack propagation stage can be 
assumed to be approximately constant for a given set 
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of notched memberso Here~ the total life of the 
member will also be an indication of the number of 
cycles to crack initiation o However, since the length 
of the crack propagation stage is a function of - among 
other factors - the notch and the member involved, the 
characteristic volume (or area), as determined for a 
given set of specimens, will - besides being a material 
property - also to some extent depend on the type of the 
notch and member o 
The fatigue data available for the present investigation did 
not contain information regarding crack initiation. Therefore, the in-
formation gained was subject to the assumptions and limitations specified 
for the third group of cases described above o The partial penetration 
butt-welded joints examined were assumed to be sufficiently similar so 
that the crack propagation stage of each failure examined was of approxi-
mately constant duration. Thus, the value of the characteristic area 
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obtained reflects not only the notch-sensitivity of the material involved, 
but is - to some degree - a function of the member type. 
The reductions in fatigue strength due to the presence of par-
tial penetration flaws of varying severities were obtained from the 
results of a series of fatigue tests o (22, 23) The energy distributions 
induced by the partial penetration flaws were determined photoelastically. 
Each flaw was modeled in a three-dimensional epoxy model and photoelas-
tic measurements were taken as described in Section 4.3. 
Correlation of the fatigue data with the energy distributions 
obtained from the photoelastic analysis yielded a characteristic area 
for the material and notch considered o It was found that: 
Ie The distributions of energy concentrations were sensitive 
to flaw severity, even for the small variations exhibited 
in the partial penetration flaws studied o 
20 A large variation in the maximum elastic stresses at the 
flaw tip appeared to have little or no bearing on the 
energy distributionso 
30 For the partial penetration butt-welds investigated, the 
proposed hypothesis proved to be well suited .for pre-
dicting the fatigue strength reduction factor caused 
by the presence of the flawo 
In order to further test the energy concentration hypothesis, 
it was .applied to the case of a plate with a centrally located hole. 
This application of the hypothesis is described in Appendix A. It was 
found that, in this case also, the energy concentration hypothesis is 
well suited for predicting the fatigue behavior of ~ notched member. 
It may be concluded from the results of this investigation 
that, for the flaw types studied: 
10 The reduction in fatigue strength of a member due to the 
presence of a flaw is affected by the conditions in a 
region around the flaw tip rather than that at the point 
of maximum stress o 
20 The distribution of the shear deformation strain energy 
within this region proved to be of significance for 
purposes of predicting the fatigue strength reduction 
factors Keo 
3 0 The concept of def.ining the notch-sensitivity of a 
material by its ability to spread a local disturbance 
over a given region, was supported by the existence of 
a well-defined characteristic region for each notch, 
member and material studiedo 
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TABLE 4.1 
Models Evaluating Flaw Placement Techniques 
Model 
No. Description dfflaw 
1 cast in place ~II diaD silastic 
rubber sphere, centered 
2 cast in place~" diao silastic 
rubber sphere" centered 
3 cast in place ~II diaD silastic 
rubber hemi-sphere at surface 
4 machined ~" diao spherical cavity, 
glued, centered (cavity unfilled) 
5 machined ~II diaD hemi-spherical 
cavity at surface 
6 machined ~II dia. spherical cavity, 
glued, centered, wax-filled 
7 machined ~II diaD spherical cavity, 
glued, centered (cavity unfilled) 
8 machined ~II diaD spherical cavity, 
glued, centered, Woodis metal core 
9 no flaw - calibration piece 
10 no flaw - calibration piece 
Loading 
5 1 bs 
not 
loaded 
5 1 bs 
5 1 bs 
5 1 bs 
5 1 bs 
5 1 bs 
5 1 bs 
not 
loaded 
5 1 bs 
64 
Pressure 
Release 
no 
no 
no 
no 
no 
yes 
yes 
yes 
no 
no 
TABLE 5.1 
Correlation of Photoelastic and Welded Joint Fatigue Data 
( I} ( 2} (3} ( 4) ( 5) (6) ( 7) (8) 
Calculated A Slice Flaw Observed Fatigue Limit K 2 (~e -K) 100 Designation Dimension Fatigue Life (kg/mm2) e (mm ) K K 
M2SLIA 7" xO. 250" 76,000 13.0 1043 1.42 -1% 
87,000 13.1 1.42 1.46 1.44 -1% 
101,000 13.4 1.39 1.56 -3% 
M2SL1C 4"xO.250" 120,000 13.6 1.37 -1.34 1% 
135,000 13.7 1.36 1.38 1.36 0 
373,000 15.2 1. 22 2.26 -10% 
M1SL1A 2"xO.250" 153,000 13.9 1.34 1.00 8% 
231,000 14.4 1.29 1.16 4% 
265,000 14.7 1.27 1.24 1.24 2% 303,000 14.8 1.26 1.28 2% 
309,000 14.9 1.25 1.~2 1% 
475,000 15.6 1.19 1.60 -4% 
M1SL1B 4"xOo150" 328,000 15.0 1.24 1.16 1.18 5% 368,000 15.2 1.22 1.24 3% 
--~--------~-~------------------------~-------------------------~----------~-------------------------
average area: 1.39 mm2 
unnotched 5,196,000 19.8 
4,274,000 19.4 2 2,180,000 18.2 average: 18.6 kg/mm 
1,119,000 17.0 
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Techniques 
66 
6 3/4" 
FIG. 4.2 Specimen with Machined Void and WoodIs 
Metal Insert, Prior to Gluing 
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FIG. 4.3 Photograph of Loaded Tension Specimens 
FIG. 4.4 Isochromatic Fringe Photograph of Tension 
Models No.9 and 2, Prior to Slicing 
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FIG. 4.5 Isochromatic Fringe Photograph of Tension 
Models No.2 and 10, Prior to Slicing 
70 
FIG. 4.6 Isochromat 
Models 
of Tension 
Slicing 
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FIG. 4.7 Isochromatic Fringe Photograph of Tension 
Models No.9 and 10, Prior to Slicing 
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FIG. 4.12 Machining of External Surface of Lack of 
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APPENDIX 
A.I Introduction 
APPENDIX A 
APPLICATION OF THE ENERGY CONCENTRATION 
HYPOTHESIS TO THE CASE OF A PLANE PLATE 
WITH A CENTRALLY LOCATED HOLE 
In order to obtain further and more general verification of 
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the energy concentration hypothesis, beyond that provided by the study 
of the partial penetration butt-welds, the proposed hypothesis was 
applied to the problem of ~red~cting the fatigue behavior of a plane 
plate member with a centrally located hole (Fig. A.I). The disturbance 
induced by the circular discontinuities is radically different from that 
induced by the partial penetration flaw configurations; therefore, the 
addition of this supplementary check of the proposed hypothesis provides 
a rigorous test of the validity of the method. 
As in the case of the partial penetration butt-welds, the data 
available from fatigue tests of the plane plate members with a centrally 
located hole generally did not include information concerning crack 
initiation or crack propagation rates. Therefore, an assumption concerning 
the duration of the crack propagation stage was again 'necessary in order 
to apply the energy concentration hypothesis. Noting the general geo-
metrical similarity in the drilled plate specimens, it was assumed that 
the crack propagation stage of the failure process occupied a constant 
portion of the total number of cycles for the geometries studied. In 
this manner, the fatigue data available could be considered to be con-
cerned with crack initiation despite the fact that such information per 
se was not available in the fatigue data. However, as discussed in 
Chapter 6, since the duration of the crack propagation stage is related 
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to the type of notch and member involved, the characteristic region 
determined for a given set of specimens using the above assumption will 
besides being material dependent - also to some extent be a function of 
the type of notch and member. 
Ao2 Development of the K versus Area Plots 
As discussed in Section 5.3.1, the reduction in fatigue str~ngth 
of a member due to the presence of a notch is suggested to be related 
to the square root of the energy concentration averaged over the charac-
teristic regiono The square root of the average energy concentration, K, 
is defined by Equation 5.2, - the K versus area relationship. This 
relationship was determined for each notch configuration as described 
below. 
The energy distributions used for determining the K versus 
area relationships were calculated from the elastic stress distributions 
defined by the notch and the loading. For the plane plate members with 
the centrally located holes, the theoretical distributions developed by 
Howland(27) were used. The solution used was valid for members with 
diameter to width ratios less than Q5. Furthermore, since plane stress 
conditions were assumed in the derivation of the stress distributions, 
a lower limit was imposed on the ratio of the diameter of the hole to 
the thickness of the plate. This lower limit was defined as the smallest 
diameter to thickness ratio for which the conditions of plane stress 
still Were valid. 
The. K versus area relationship was determined for specimen 
geometries with unit diameters and five diamet~r-to-width ratios, d/w = 
0.1, 0.2, 0.3, 0.4, and 0 0 50 In each case, the values of K were 
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* calculated over incremental areas extending from the point of maximum 
stress in fourteen discrete steps. The boundaries of each incremental 
area were defined such that the energy levels existing within each area 
ranged between predefined limits. These limits were defined in terms 
of the maximum shear distortional energy at the notch as shown in Table 
A.l. 
The generation of the K versus area relationships was per-
formed on the University of Illinois IBM-360 computer system. The pro-
cedure followed in these calculations was: 
* 
1. The maximum energy level was calculated and the fourteen 
ranges of energy levels were determined as shown in Table 
A .1. 
2. Using discrete elements (a typical element, ABCD, is shown 
in Fig. A.2) the volume under the energy surface, U (x,y), 
was calculated in the region surrounding the notch. s The 
volume defined by each area element, ABCD, was assigned 
to one of the fourteen incremental areas defined in Step 
1 according to the maximum energy level existing within 
that area element. For example, if the maximum energy 
level within an area element was computed to be 87 per 
cent of the maximum energy level at the notch tip, the 
volume under the energy surface defin~d by that area 
element would be assigned to incremental area No.3 
(see Table A .. l). 
3. The total volume assigned to each of the fourteen incre-
mental areas were determined. The K-values were then 
calculated as follows: 
K for area 1 : tota 1 vo 1 ume for area 1 nom. energy over area 1 
K for area 1 plus total volume for areas 1 ~lus 
area 2 : nom. energy over areas 1 plus 
etc. 
2 
2 
Incremental areas - rather than volumes - could be used for the tension 
strips with centrally located holes since plane stress conditions were 
applicablec 
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The plots of the K versus area relationships generated in the above 
manner for five diameter-to-width ratios are shown in Fig. A.3. 
Ao 3 Introduction of the Fatigue Data 
A large number of fatigue tests have been performed on the 
plane plate tension member with a centrally located hole. Several of 
the test series have included variations of the diameter-to-width 
ratios and have involved different materials. The test data used in 
this supplementary study were obtained from references 2, 26, 33, 34, 
43, 45 and 53. 
The data chosen for the correlations with the calculated 
energy distributions conformed to the limitiations imposed for the K 
versus area plots and the plane stress conditions. As discussed above, 
these limitations provide that the diameter-to-width ratios of the 
specimens should be less than 0 0 5, and that the ratio of the hole dia-
meter to the thickness of the plate should be large enough so that 
the plane stress conditions, are not violated. 
The fatigue limits and fatigue strength reduction factors 
reported in the literature are usually calculated on the basis of a 
net section stress. However, since the K versus area relationships 
were calculated using gross section stresses, reported fatigue strength 
reduction factors were multiplied by the factor 
before the correlations were made. 
w 
w-d (See Fig. A.I) 
The materials for which adequate test data were available 
included a mild carbon steel and two aluminum alloys. 
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Ao4 Correlations and Conclusions 
The determination of the characteristic areas for the tension 
strip with a hole involving several materials was performed as described 
in Section 5.3.2. The data pertaining to these correlations are shown 
in Table A.2. Columns 1, 2, and 3 in the table define the geometries 
of the members and columns 4 through 7 present the corresponding fatigue 
test data. Column 7 lists the fatigue strength reduction factors based 
upon the gross section stresso 
The values of the characteristic areas determined using the 
Ke-values (column 7) and the K versus area relationships shown in Fig. 
A.3, are listed in column 8. These determinations were performed in the 
following manner; 
10 The K versus area plot (for the appropriate diameter-to-
width ratio) was entered at the appropriate value of Ke 
and the corresponding value of the area, A, was obtained 
on the abscissao 
2. Since the plots in Fig. A.3 were generated for geometries 
with a unit diameter, a correction was necessary for 
specimens containing holes with diameters different 
than oneo The corrected value for A was determined 
by multiplying the A value obtained in Step 1 by the 
actual diameter squared. 
It maybe noted that an excellent correlation was achieved for each 
type of material, 
With the additional results of this supplementary study in 
hand it may be observed that the energy concentration hypothesis has 
been proven to be suitable for predicting the reduction in fatigue 
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strength, K
e
, due to the presence of two radically different flaw types, -
the lack of penetration flaw and the circular hole. "A good correlation 
between the notch-sensitivity in fatigue of a material and a character-
istic region - as observed for the partial penetration butt-welded 
joints - was found also in the case of the tension strip with a centrally 
located hole. 
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TABLE A,l 
Definition of Incremental Areas 
Area No" Contains Energy Levels Within the Range: 
1 0.95 U ( ) s max < U < 1.00 U ( ) - s - s max 
2 0.90 Us(max) < U 
- s < 0.95 U ( ) s max 
3 0.85 Us(max) < U 
- s 
< 0.90 Us(max) 
4 0.80 U ( ) < U < 0.85 U s max - s s(max) 
5 0.70 Us(max) < U 
- s 
< 0.80 Us(max) 
6 0.60 Us(max) < U 
- s 
< 0.70 Us(max) 
7 0.50 Us(max) < U 
- s < 0.60 Us(max) 
8 0.40 Us(max) < U - s < O. 50 Us (max) 
9 0.30 Us(max) < U 
- s 
< 0.40 Us(max) 
10 0.25 Us(max) < U 
- s 
< 0.30 Us(max) 
11 0.20 Us(max) < U < 0.25 Us(max) 
- s 
12 0.15 Us(max) < U 
- s 
< 0.20 Us(max) 
13 0.10 Us (max) < U - s < 0.15 Us(max) 
14 0.00 Us(max) < U - s < 0.10 Us(max) 
TABLE A.2 
Correlation of Energy Concentrations and Fatigue Data 
For Tension Strips Containing a Centrally Located Hole 
( 1) ( 2) (3) (4 ) (5 ) (6) (7) (8) 
Fatigue Limit KE KE A 
d w un- net gross charac-
(inches) (inches) d/w notched notched section section teristic 
area 
----- ---
I 9 .111 7. 7t/ i n~ 14.4t/in~ 1.87 2.10 .32 
3 9 .333 7.0t/in 14.4t/in 2.06 3.10 .27 
* 1.0625 4 . 26!3 22 ksi 35.1 ksi 1.60 2.18 .31 
1.26 2.756 .45:7 1.69 3.11 .27 
1.406 5.624 .250· 1.80 2.40 .37 
1/1 4/1 0.25 2.24 2.99 0.021 
0.5/1 4/1 0.125 2.25 2.57 0.021 
0.5/1 2/1 0.25 2.13 2.84 0.013 
0.4 411 0.1 2.05 2.28 0.029 
0.25 005 0.5 1.53 3.06 0.021 
* Fatigue limit for unnotched specimens of A-7 steel obtained from Ref. 45. 
(9) 
Mat~rial 
Black Mild Steel 
Carbon Steel- A7 
Medium Carbon 
Steel 
2024- T3 
Aluminum Alloy 
II 
7075-T6 
Aluminum Alloy 
( 10) 
Ref. 
53 
53 
2 
26 
26 
34 
34 
34 
34 
34 
I..D 
m 
t t t f 
1- -I 
-I 
QJ 
V) 
c 
OJ. 
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APPENDIX B 
THE PHOTOELASTIC METHOD 
About a century and a half ago it was discovered that a piece 
of glass, when stress and viewed by transmitting polarized light through 
it, exhibits a brilliant color pattern. (63) The discoverer, David 
Brewster, proposed that this pattern, which varies under different loading 
conditions and model shapes, might be used to determine the stress con-
dition in the glass model. It took some time, however, before further 
studies of this nature led to the development of the photoelastic method, 
and even today we are experiencing a rapid rate of progress, re~arding 
both equipment and techniques. 
The classical physics concept of light is that of electro-
magnetic waves with vibrations taking place in directions transverse to 
the direction of propagation. When this pattern of vibration is re-
stricted in some way, thereby modifying the usual randomness of the 
vibration direction, the light becomes polarized. The two forms of 
polarized light generally used in photoelastic measurements are plane 
polarized and circularly polarized light. A plane polarizer transmits 
light vibrating in one direction only, namely the plane parallel to 
the axis of the polarizer. All other components are absorbed as shown 
in Fig. B.1. Circularly polarized light consists of plane polarized 
light plus the effect obtained by rotating the polarizer at a high, 
constant velocity. It is formed by inserting quarterwave plates in the 
light path (Fig. B.2). 
Any material will retard transmission of light to some degree. 
A birefringent material has an added characteristic in that the manner in 
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which polarized light is passed through it is directly relatable to the 
stress condition in the material. If a'model, made of a birefringent 
material, is placed unstressed in polarized light, the velocity of the 
light passing through the model will be reduced, whereas other properties 
of the light will remain unchanged. When loaded, the model will resolve 
the incoming plane polarized light wave into two orthogonal components, 
each of which is plane polarized and vibrates in a plane of principal 
stress. The two components travel through the models at different 
velocities and as a result they will emerge out of phase. The phase 
shift, ~, is directly proportional to the wave length of the light, 
the thickness of the material, and the difference n1-n 2, where n1 and 
n2 are the indices of refraction of the material in the directions in 
which the light wave has been resolved. These relations may be 
rewritten: 
~ = N A 
where t is the length of path travelled by the light 
A is the wave length of the light 
N is the number of cycles of phase difference 
and C1 is a material constant. 
(B-1) 
(B-2) 
The indices of refraction related to the two principal planes 
are directly proportional to the magnitude of the corresponding principal 
stresses, It then follows that 
where 
and 
= 
cr 1 and cr2 are the principal stresses 
C2 is a material constant. 
(B-3) 
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Combined with Equation (B-1), this becomes 
and substituting for ~ (Equation (B-2)), we get: 
or 
(B-4) 
where the two material constants, Cl and C2, and the wave length, ~, 
have been combined into the constant F. Experimental determination of F 
can be made for any particular test situation. 
Equation (B-4) is known as the stress optical law for a two-
dimensional stress state. The relationships for three-dimensional stress 
conditions are basically the same as those derived above. Considering 
a point subject to a three-dimensional stress state with principal 
stresses 01' 02' and 03' we have for the plane containing 01 and 02 the 
same relationship as presented in (B-4): 
(B-5) 
The light path coincides in this case with the direction of 03' as indi-
cated by the subscripts of Nand t. It has been determined that variations 
in 03 have no effect on the relationship (B-5). Similarly, we may write 
for the two remaining principal planes: 
NIF 
°3 - °2 = tl 
and 
N2F 
°1 - °3 = ~ 
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The well-known photoelastic fringe patterns supply the data 
needed to determine the number of cycles of phase difference, N, of the 
two light wave components formed by the stressed model. These fringes 
appear when the light passed through the model is viewed through another 
polarizer. Usually, this additional polarizing element, called the 
analyzer, is oriented with its axis of polarization perpendicular to 
that of the first polarizero The analyzer projects the two light com-
ponents onto a single plane thereby producing the interference effect. 
Extinction occurs when the two light waves are an integral number of 
wave lengths out of phase. 
The elements of the instrument used for photoelastic analysis, 
the polariscope, are shown in Fig. B.-2. 
The Frozen Stress Method o The epoxies used for stress frozen 
photoelastic models have the property, when heated to the "softening 
point," loaded, and cooled under load, of retaining certain optical 
properties upon unloading. When viewed in a polariscope, the unloaded 
stress frozen model will display fringe patterns similar to those 
appearing in non-stress frozen models under load at room temperature. 
These fringe patterns will, to a large extent, remain-unchanged even 
if the model is subjected to sectioning, and the linear relationship 
between the applied load and the optical effect, as derived above, 
will still hold. 
Thus, three-dimensional geometries can be modeled, and sub-
jected to stress freezing and slices pertaining to the stresses sought 
can be removed. If the slice coincides with a principal plane in the 
model, the information gained from it will relate to the difference 
in principal stresses in that plane, These will be "true ll principal 
104 
stresses. On the other hand, if a slice removed lies in a random plane, 
the fringe patterns will define the difference in IIsecondary" principal 
stresses in that plane. These will not necessarily be equal to the 
maximum or minimum stresses at the point. In the random slice, infor-
mation is available for determining the difference in normal stresses, 
o -0 , and the shear stress, T ,where x and yare perpendicular x y . ry 
directions within the plane of the sliceo 
~inarY 1 ight 
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APPENDIX C 
PREPARATION AND LOADING OF PHOTOELASTIC MODELS 
Design of Models. There are several limiting factors involved 
in planning the dimensions of photoelastic models, which tend to reduce 
the choice of possible sizes to a small range. Two factors set an up-
ward limit to the dimensions. First, the available oven must be of 
sufficient size to contain the model and the necessary frames, lever 
arms, and other equipment necessary to load the model. Oven space has 
often been utilized more efficiently by placing some of the loading 
devices outside the oven and transmitting the load to the model by a 
system of cables and levers, thus providing room for larger models. 
This is, however, not always practicable. Another factor, which may pro-
vide an upper limit to the model size is the requirement that a certain 
minimum fringe order be available to permit accurate readings. Since 
fringe order is largely proportional to the stress level in the model, 
the force applied to large models would necessarily have to be increased 
in order to maintain the desired level of fringe order. This increase 
in applied load is limited by the physical problem of. transferring the 
high load to the model. Fringe multiplication techniques can, to some 
extent, alleviate the problem of low levels of fringe order. (57) 
Lower limits of model dimensions are determined, first, by 
how small the part can be made, from a machining point of view, and 
also by the sensitivity of the equipment used in the analysis of the 
model. Regions of high stress variation must be large enough so that 
a sufficient number of readings can be taken to accurately define the 
stress condition. In the present study, a polarizing microscope has 
proved extremely useful for analyzing regions of high stress gradients. 
Method of Casting. The models were manufactured from plates 
* cast from liquid epoxy resin, Araldite 6020, with a phtalic anhydride 
* hardener (901 Phtalic Anhydride). The properties of the epoxy are 
discussed in Reference 35" 
The casting process involves two major steps: The mixing of 
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the epoxy resin and hardener; and the curing of the product. Prior to 
mixing, the epoxy resin is heated slightly in its container to facilitate 
pouring, after which the required amount of liquid resin is placed in an 
oven at 250oFo The phtalic 'anhydride is then added in a 2:1 ratio, by 
weight, of epoxy resin to hardener, and the mixture is stirred mechani-
cally and manually for about two hours at 250°F. When the hardener is 
completely dissolved, the epoxy mixture is ready for casting and curing. 
During the period of dissolving the hardener, the molds may 
be prepared. First, any old epoxy or mold release compound from previous 
castings must be removed from the molds, after which a liberal amount 
of fresh mold release compoundt is applied to any surface which will 
come in contact with the epoxy. It is recommended that the release 
compound be applied prior to assembly of the molds to ensure that the 
compound covers every crack and corner and also to facilitate dismant-
ling of the mold when the epoxy has hardened c It is particularly impor-
tant that all joints be sealed since the epoxy at the time of casting 
has a very low viscosity. It should also be noted that the vapors from 
the liquid mixture are quite toxic; therefore, adequate ventilation 
should be provided during the casting period. 
* Araldite 6020 Liquid Epoxy Resin and 901 Phtalic Anhydride are products 
of the Ciba Company. 
t The mold release compound used is a product of the Dow Corning Corp. 
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When the molds have been prepared, they are placed in an oven 
at 250°F along with the pouring equipment used to place the liquid epoxy 
in the molds. If at all possible, the epoxy should be filtered during 
pouring. Also, the casting process should be performed with the molds 
already in place in the curing oven. This eliminates the formidable 
task of moving the filled molds and with it any disturbance of the cast 
parts. Generally, this procedure involves the use of a small inter-
mediate container to transfer the liquid epoxy from the mixing container 
to the molds; during this process, the temperature of the epoxy will 
invariably drop a few degrees. Such cooling causes the precipitation 
of some of the anhydride from the solution and renders difficult any 
final fflte ng of the liquid epoxy. To overcome this difficulty, some 
precautionary steps may be taken. rst, the container used for the 
transfer should be as large as possible without defeating its primary 
purpose of being easy to handleo A large volume of liquid epoxy will 
tend to retain its temperature better than a small volume. Also, the 
filtering should be performed at a point where the rate of flow of the 
liquid epoxy is sufficiently high to prevent a cooling of the liquid, 
precipitation of the hardener, and clogging of the filters. Finally, 
two of the small containers should be available, so one can be heated 
while the other is being used for pouring. 
Besides being toxic, the vapors from the liquid epoxy tend to 
solidify upon cooling, making breathing uncomfortable and also leaving 
a sticky layer of non-cured epoxy on all surfaces in the room. There-
fore, the casting procedure should be performed as rapidly as possible 
and all molds should be provided with tight fitting lids. One further 
precaution would be to cover all floors, tables, cabinets, etc., with 
some type of disposable covering. For personal comfort, a simple 
filtering breathing mask is of help. 
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After about twenty hours of curing at 250°F, the epoxy has nor-
mally hardened sufficiently so that the models may be removed from the 
moldsr The models are then replaced in the oven at 250°F, and if the 
curing cycle is to continue immediately, the temperature is increased 
to 300°F at about 2°F per hour, held at this temperature for one week, 
and then lowered to room temperature at about 4°F per hour. Since the 
final stage of the curing process is somewhat lengthy, it may be desir-
able to wait until several castings have been prepared and are ready for 
final curing. In this case the castings are stored in the oven at 250°F 
until the final curing takes place. 
Machining Procedures. In determining the manufacturing proce-
dure, two factors must initially be kept in mindc One is that the 
careful machining necessary to produce models free from residual stresses, 
is time-consuming and therefore very costly. The precautions to be 
observed during machining operations are described below. The second 
factor that must be controlled is the interference or effect of flaws 
or other details on the fringe patterns. In designing the model, ex-
traneous disturbances such as glued joints and supports for cast-in-
place flaws, should be located sufficiently far away from regions of 
interest so as not to affect the analysis of the model. 
Further manufacturing procedures then depend on the complexity 
of the shape of the model and the inclusions involved. The external 
shape of the model can often be approximated quite closely in the 
casting process, leaving only enough material for finishing the external 
surfaces and precisely defining the shape by machining. It should be 
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noted here that shrinkage of the epoxy can amount to two to four percent 
of a linear dimensiono 
The methods of placement of internal discontinuities are dis-
cussed in Section 402 in the main text. 
Milling and Fly-cutting Operationso Since the stress state in 
the photoelastic models is very sensitive to high local pressures and 
elevated local temperatures, all machining procedures should be selected 
to avoid these conditionso Dull tools and deep cuts are the main causes 
of the high pressures and temperatures and should be eliminated. 
In selecting cutting tools for the machining of epoxy models, 
it is often desirable to obtain carbide tip cutters despite their high 
casto Epoxies used in photoelastic models are known to be extremely 
abrasive~ usually wearing out cutters more rapidly than steel. The car-
bide tip lengthens the useful tool life between sharpenings. The state 
of the cutting edge can be evaluated during the machining process by 
observing the state of the material being removed from the model" If 
the removed material appears in flakes, the tool may be assumed to be 
cutting well and the heat and pressure applied ~ill probably be at a 
minimumc As the cutting edge becomes dull, however, the removed 
material will appear as a fine powdero Figure C.1 compares these two 
conditions. During the machining of the edge of a 1" thick epoxy model 
(Figo C.1), a two-fluted 111 diameter non-carbide milling cutter with-
stood a .020 11 deep cut a distance of eight inches before the shavings 
removed from the model changed from flakes to powder. At this point 
the cutter became very hot and could only be used with frequent cooling 
pauses. Figure C.2 shows isochromatic fringe patterns in two unsliced 
tension specimens immediately after machining, prior to stress freezing. 
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The fringes illustrate the residual stresses due to casting and machining. 
The machining process for the two specimens were identical, except for 
the final operation shown in Fig. C.l of producing the central one square 
inch test section. In the case of the specimen on the t, the remova 1 
of the !;t depth of material on each side of the specimen was taken in 
one cut, The procedure followed for the other model was the normal one 
of taking successive cuts of: 0,25011,0.12511,0.07511 O. II 0.010", 
0.005", 0.003", and 0.002". Although residual stresses may be observed 
in both models, the condition is far more severe in the case of the 
heavy cut (specimen on the right). 
Drilling Operations. In drilling operations it is advisable 
to use successively larger drill sizes, so that the desired ho e diameter 
is attained in'3 or 4 stepso Special precautions should be taken in the 
preparation of the drill bits. These are as follows: (1) that the 
drill be ground to a point angle of 10So with a rounded tip; (2) t 
the rake be ground off the tip of the drill as is usually done 
drilling of brass; and for cases where extra ons are necess 
(3) that the cutting edge along the sides of the d 
excepting the first 1/32" to 1/16" at the tip of the t. s intact 
portion of the cutting edge then is the only part of the 11 n con-
tact with the side of the I and thus heat induced ing 
of the upper portions of the drill against the hole walls, is eliminated. 
A disadvantage of this particular preparation of the 11 is 
drill bit no longer has support from the walls of the e whi may 
permit the drill to stray from its intended center line. is may be 
avoided by first drilling a small guide hole, using a 11 th 
cutting edges intact. 
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Despite all precautions, some of the loading holes in models 
produced for the present investigation,' contained small cracks initiating 
at various points around the perimeter. In order to remove these, a 
special cutter was used to cut out the cracked portions of the model, as 
shown in Fig. C.3. An epoxy plug was then fitted to the hole (Fig. C.4) 
and glued in place, and the drilling operation was repeated. 
Stress Freezing Cycle. The qualities and capabilities of the 
frozen stress method are treated briefly at the end of Appendix B. In 
the following section the procedures usually followed in the stress 
freezing operation will be described. 
The model, mounted in the loading frame, is placed unloaded 
in the oven, at room temperature. The oven controls are then set to 
provide a temperature increase of 4°C (7.2°F) per hour. When the oven 
reaches the critical temperature of the epoxy of 179°C (355°F), the load 
is applied to the model 0 The controls are then reset for a temperature 
reduction of 2°C (3.6°F) per hour. When the oven has cooled to room 
temperature, the load may be removed and the model is ready for slicing. 
Loading of Models. The following is a brief discussion of 
some problems that were encountered in transferring load to a model. 
The type of load treated here will be restricted to gravity load applied 
to tension members. 
The aim in designing the load application mechanism for an 
epoxy model is to achieve the load transfer with as few stress raisers 
as possible" Also, since the epoxy at the critical temperature is very 
brittle, it cannot absorb localized high stresses caused by crookedness 
in the loading system. Therefore it is essential that this system be 
produced with great care. 
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The normal method of applying load to a photoelastic specimen 
is carried out by placing a number of loading pins through holes drilled 
in the model, and distributing the loads to these pins by a whipple-tree 
mechanism. Inherent in this method of loading are, of course, the 
stress concentrations induced by the pin holes. The stress condition 
in the region of load transfer may be improved by applying lateral re-
straining forces at the loading pins. This was done for the arge plate 
specimens in the present investigation, as shown in Fig. C.5, by using 
a clamping plate on each side of the model. The desired level of this 
restraining force was adjusted by tightehing of the nuts threaded onto 
the loading pins. 
In providing this lateral restraint, it should be noted that 
the epoxy expands more than steel when heated. If this is not taken 
into account in applying the clamping force, unduly high stresses may 
develop in the model 1 This condition was in the present work relieved 
by placing stiff springs between the nuts and the clamping plate. 
Another observation made was that, if the clamping plate was located 
immediately adjacent to the epoxy model, the severe stress condition 
at the edge of the steel plate lead to the formation of a large number 
of small cracks in this region. These were avoided by placing a sheet 
of asbestos between the clamping plate and the epoxy. Several specimen 
failures were attributed to the above-mentioned conditions imposed by 
the clamping plateo 
If, oh the other hand, too little or no lateral rce is 
applied, failure has been observed to occur from the load ng holes. The 
condition here was in some cases aggrevated by the presence of the small 
cracks in the wall of the hole, which were mentioned in the discussion 
of drilling procedures 0 
115 
Slicing Operations. The slicing of the models subsequent to 
stress freezing is probably the most critical of the machining operations. 
At this point the fringe pattern induced by the model geometry and loading 
is "frozen ll into the epoxy and further machining must be performed with 
caution in order that this pattern is not disturbed. The initial saw cut 
should be made 3/16" to 1/4" away from the final surface of the slice. 
A fine-toothed saw blade (about 15 teeth/inch) should be used, with low 
feed and blade speed. The thinning of the slice to the final thickness 
should be performed by fly-cutting, and the last .020 11 should be taken 
in steps of 0,010 11 ,0.005",0.003 11 , and 0.00211. Final slice thicknesses 
may vary greatly depending on the anticipated variation of stress 
through the thickness of the slice. Thicknesses down to 0.010 11 have 
been used successfully. During the fly-cutting procedure, the slice 
may be held in place on a machined metal block by means of a masking 
tape which is ~dhesive on both sides. The cutting diameter of the tool 
should be set slightly above the width of the slice so that the cutter 
leaves and enters the epoxy at a ver,,· small angle. This reduces the 
possibility of chipping taking place as the cutter passes over the edge 
of the slice. Immediately after the machining has been completed, the 
slice should be placed in a desiccator to avoid absorption of moisture. 
The stress frozen model will have a natural tendency to absorb moisture 
since the high temperatures encountered in the stress freezing operations 
cause an intense drying of the epoxy. Quite drastic variations in the 
fringe pattern can be caused by moisture absorption. 
FIG. C.l Photographs Showing Machining 
Specimen, with a Sha Cutte 
a Dull Cutter (bottom 
Tension 
) and 
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FIG. C.2 
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Isochromatic Fringe Photograph of Two Unsliced 
Specimens Prior to Stress Freezing 
FIG. C.3 Steps in Procedure for Removal of Cracks 
in Immediate Vicinity of Drilled Hole 
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FIG. C.4 Machining of Epoxy Plug for Use in 
Replacing Portions of Model 
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FIG. C.5 Load Application Mechanism for Plate Specimens 
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APPENDIX 0 
CORRECTION TECHNIQUES FOR MISALIGNED FLAWS 
In several instances in the present investigation a movement 
of the cast-in-place flaws occurred during casting (see Lack of Pene-
tration Models; Section 4 0 3). This misalignment was evident when slicing 
of the model had taken place and the flaws were no longer perpendicular 
to the surface of the slice. Furthermore, as shown in Fig. 0.1, when a 
photoelastic reading was taken immediately next to the flaw (point #1; 
Fig. 0.1), this reading no longer reflected the condition at the flaw. 
but rather an average of stress conditions at points located at linearly 
increasing distances from the flaw, as the thickness of the slice was 
traversed. The averaging effects could be surmounted by decreasing the 
thickness of the slice in discrete steps and taking readings at each 
thickness. An extrapolation to zero thickness would then produce the 
same stress condition as would have been determined had the flaw been 
aligned properly. It is assumed that the inclination of the flaw was 
not large enough to significantly change the stress state around the 
flaw. 
Another method of correcting for flaw misalignment utilizes a 
series of photoelastic readings taken adjacent to the flaw using a 
single slice thickness. In this method, it is assumed that the mis-
aligned flaw is not curved and also that the stress state at a given 
distance from the flaw is constant throug;lout the thickness of the 
slice. Application of this method seems most promising in cases where 
fringe readings are required along a line approaching the flaw or in 
a region around it. 
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Referring to Fig. 0.1, fringe orders obtained by taking readings 
at points 1, 2, 3, 4, • 0 0 , through the slice thickness, t, are denoted by 
Nl, N2, N3, N4, The desired fringe orders, which would have been 
obtained at these same points, had the flaw been straight, are denoted by 
NDl, ND2, ND3, ND4, eoo • The average value of the principal stress dif-
ference, 01-02' through the thickness defined by the levels A and S, will 
be denoted by (0 1-02)AS" The fringe order, then, that would have been 
obtained by passing circularly polarized 'light through the thickness, dt, 
between levels A and S at point #1, would be: 
where F is a material constant. 
Similarly, the fringe order corresponding to the thickness, dt, 
between levels Sand C at point #1, is: 
and for the imaginary slices CD and DE: 
The fringe order actually measured at point #1, would be equal to the 
summation of the fringe orders calculated above for the imaginary sub-
slices. Thus, we have: 
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(0-1 ) 
Similar expressions may be obtained for points 2, 3, 4, .... 
Having assumed that the stress state induced by the flaw has a 
one-to-one relation with distance and direction from the flaw, regardless 
of which level in the slice (A, B, C, 0, or E) is considered, we have: 
and 
(01-02)BCl = (01-o 2)AB2 
(01-02)COl = (01-02)AB3 
It may be observed that the right-hand portions of these €Qualities 
(0-2) 
represent the average stress conditions in the imaginary slice between 
levels A and B at points 2, 3, and 4. Furthermore, as the thickness of 
this slice, dt, is decreased, these terms will approach a value describing 
the stress condition which would have existed had the flaw been straight. 
The desired fringe orders can then be written: 
NOI 
( D-3) 
N02 
and so forth for points 3, 4, 
Substitution expressions (0-3) into tquation (0-1), and using 
the relations (0-2), we have: 
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Nl = dt (f NOI + f N02 + f N03 + f N04) F t t t t 
or t (dt) Nl = NOI + N02 + N03 + N04 
and similarly for points 2, 3, 
t (dt) N2 = N02 + N03 + N04 + N05 
(0-4) 
t (dt) N3 = N03 + N04 + N05 + N06 
where t dt = 4, for the example shown in Fig. 0.1. 
Assuming now, that the stress distribution induced by the flaw 
is observed to have reached the nominal stress level of the specimen at a 
distance 10·dt·tan(a) from the flaw~ the fringe reading at point #10 would 
not be affected by the flaw at any level through the depth of the slice. 
Therefore, the relationship of the type shown in Equations (0-4) corres-
ponding to point #10, can be rewritten as follows: 
(d~) NIO = NOlO + NOll + N012 + N013 
or (d~) NIO = NOlO + NOlO + NOlO + NOlO 
This reflects the above assumption that the stress condition is at a 
constant level beyond point #100 
At point #9, the effect of the flaw will affect the stress 
state between levels A and B. The nominal condition will still exist 
through the remaining portions of the slice thickness. Similar consider-
ations for point #8 will show that at this location, the imaginary slices 
AB and BC will be affected by the flaw, and nominal conditions will 
prevail in sub-slices CD and DE. Thus, we have: 
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t NIO NOlO + NOlO + NOlO + NOlO ( crt) = 
t N9 N09 + NOlO + NOlO + NOlO ( dt) = 
(of) N8 = N08 + N09 + NOlO + NOlO 
t N? NO? + N08 + N09 + NOlO (crt) = 
(d~) Nl = NOI + N02 + N03 + N04 
This is a system of ten equations, where the ten unknowns may be deter-
mined by simple substitution. The determination of the unknowns yields 
the fringe order readings corrected for the misaligned flaw. 
It should be noted that the fringe measurements need not be 
taken at everyone of the points 1, 2, 3, A sufficient number of 
readings need only be taken to provide an accurate plot of fringe 
reading versus distance from the flaw. The values of Nl, N2, N3, 
may then be obtained from this plot. 
This correction procedure may be applied to other problems as 
well as the me described here. Any case, where a flaw or any other 
boundary is not aligned with the direction of the transmitted light, 
can be treated by the method outlined~ Also, the assumption of a 
straight flaw was made to provide a simple application of the procedure. 
If the curvature of the flaw or boundary through the thickness of the 
slice is known~ this may be incorporated in the correction process. 
a flaw ='l +~ a J plate thickness direction of light passage 
"'-- t" tan a 
FIG. D.1 
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APPENDIX E 
NOTATION 
A characteristic area 
D principal stress difference 
E Young's modulus 
F photoelastic constant 
G shear modulus 
K square root of average energy concentration 
Ke effective stress concentration factor: 
stren th at n c cles (unnotched member) 
strength at n cycles notched member 
Kt theoretical stress concentration factor: 
a 
d 
n 
t 
w 
q 
x,y,z 
maximum theoretical stress 
nominal theoretical stress 
fringe order 
strain energy 
dilatational strain energy 
shear-distortional strain energy 
shear-distortional strain energy (plane strain) 
approximation of U~ 
crack length or radius of hole 
diameter of hole 
material index of refraction 
slice thickness 
specimen width 
notch-sensitivity index 
coordinate directions 
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(j phase shift 
E norma 1 strain 
A wave length of light 
p radius at root of notch 
0 normal stress 
T shearing stress 
'J Poisson's ratio 
